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Plastics  today  form  a suable  fraction  of  solid  wastes  and  recycling  these  waste  plastics 


However,  most  of  the  polymers  are  thermodynamically  immiscible  with  each  other 
Processing  of  Ihe  mixtures  of  polymer  wastes  is  not  likely  lo  yield  products  with  excellent 
mechanical  properties.  Since  the  separation  of  waste  plastics  is  not  yet  economically  feasible, 
compatibdizalion  is  Ihe  potentially  practical  route  to  explore  in  the  high-value  applications  of 
recycled  plastics.  Besides  the  traditional  compatibilization  by  block  or  graft  copolymers, 
rcccndy.  an  in  situ  compatibilization  technique  has  been  developed  in  which  the 
compatibilizers  are  formed  during  the  compounding  of  polymer  blends  with  functional 
polymers  as  precursors. 

This  research  was  devoted  to  the  synthesis,  characterization,  and  applications  of 
functional  monomers  grafted  polyolefins.  The  functional  monomers,  including  maleic 


anhydride  (MA).  glycklyl  methacrylate  (GMA).  and  2-isopropcnyl-2-oxazolinc  (IPOZ), ' 


utilized  and  compared  in  this  investigation.  Three  major  grafting  techniques,  solid-state,  melt, 
and  soluuon  grafting,  were  studied.  Meanwhile,  the  reactivities  of  the  grafted  polyolefins  with 
other  functional  groups  were  compared.  The  thermal  degradation  of  polypropylene  caused 
by  the  peroxide  during  grafting  was  also  Theologically  studied.  A novel  crosslinking  method 

peroxide  and  to  restore  the  mechanical  and  rheological  properties  of  the  grafted 
polypropylene. 

Due  to  their  high  reactivities.  GMA  melt  grafted  polyolefins  were  used  in  the  reactive 
compatibilization  of  HDPE/PET,  polyolcfin/PVC.  and  PP/ABS  blends.  The  differences 
between  reactive  and  nonreaclive  blends  in  tetms  of  processability,  morphologies,  mechanical 
and  theimal  properties  have  been  investigated.  The  compatibilization  mechanisms  were  also 
analyzed  by  FTIR  detecting,  torque  measurements,  and  lap  shear  adhesion  measurements.  It 
was  found  that  GMA  grafted  polyolefins  can  effectively  form  intcrlacial  bonds  with  other 
phases  by  interfacial  reaction  during  melt  processing.  The  high  compntibilizing  efficiency  of 
the  GMA  grafted  polyolefins  was  manifested  by  the  dramatically  improved  mechanical  and 
morphological  properties  of  the  compatibilizcd  blends  with  the  addition  of  a small  amount  of 
the  GMA  grafted  polyolefins. 


CHAPTER  1 

GENERAL  INTRODUCTION 
1.1  Background 

There  is  intense  commercial  interest  in  multiphase  polymer  blends,  or  alloys,  because 

one.  or  for  improving  deficient  characteristics  of  particular  materials  J 1-5].  In  the  polymer 
recycling  area,  it  is  usually  commercially  infeasible  to  separate  all  kinds  of  recycled  polymers, 
many  of  them  are  polymer  blends.  As  a result,  the  studies  of  polymer  blends  are  critical  to 
both  polymer  modification  and  polymer  recycling. 

Few  polymers  form  truly  miscible  blends.  Examples  include  the  binary  blends  of 
poly(phenylenc  ether)  (PPEVpolystyrene  (PS),  polyvinylchloride  (PVCVnitrilc  butadiene 
rubber  (NBR),  PVOpolymclhylmclhacrylatc  (PMMA),  and  PVC/polymcric  plasticizers.  The 
mechanical  blending  of  miscible  polymers  results  in  a homogeneous  morphology  that  exhibits 
a single  glass  transition  (1].  Miscibility  in  these  systems  is  attributed  to  the  presence  of 
specific  interactions  between  the  blend  components  (hydrogen  bonding,  ionic,  dispersion,  etc.) 
[3). 

Also,  some  polymers  are  immiscible  but  mechanically  compatible,  such  as 
polycarbonate  (PC)  with  acrylonitrilc-butadicnc-styrcne  (ABS),  which  give  a multiphase 
morphology  with  efficient  dispersion  of  the  minor  component  and  good  intcrfacial  adhesion 
between  the  two  unmodified  components. 


interface  may  occur  between  the  mulliphascs.  Their  overall  performances  are  related  to  the 
size  and  morphology  of  the  dispersed  phase  and  its  stability  to  coalescence  or  gross 
segregation  [2],  and  their  mechanical  properties  arc  usually  lower  than  those  of  the 
constituents,  lmmiscibility  in  most  polymer  blends  is  related  to  the  disparity  between  the 
polarities  of  components  and  the  existence  of  a large  interlacial  tension  in  the  melt,  which 
makes  it  diflicult  to  properly  disperse  the  components  during  low  stress  or  quiescent 

mechanical  failure  via  these  weak  defects  between  phases  12,6].  Remedying  these  problems 

The  importance  of  the  interface  interaction  in  multiphase  polymer  systems  has  been 
king  recognized.  Physical  and  chemical  interactions  across  the  phase  boundaries  are  known 
to  control  the  overall  performances  of  both  the  immiscible  polymer  blends  and  polymer 
composites  [1].  Strong  interactions  brought  in  by  compatibilizers  could  result  in  good 
adhesion  and  efficient  stress  transfer  from  the  continuous  to  the  dispersed  polymer  phase  in 


Over  the  last  two  decades,  block  and  graft  copolymers  have  been  used  as  interlacial 
agents  to  upgrade  the  bulk  properties  of  polymer  blends.  These  copolymers  have  segments 
capable  of  specific  interactions  with  each  of  the  blend  components,  and  their  miscibility 


depends  on  their  closely  matched  solubility  parameter.  For  example,  di-  or  tri-  block 
copolymers  of  styrene  and  butadiene  (SBR)  and  hydrogenated  butadiene  of  isoptene  are 
effective  compatibilizers  for  most  polyolclin/PS  blends  17-11],  Also,  PP/PE  could  be 
compalibilized  with  poly(ethylcnc-eo-propylenc)  elastomer  [12],  Further,  EPDM 
(poly(cthyienc-co-propylene-co-diene)VPMMA  with  EPDM-g-MMA  as  compatibilizcr  (11), 
PS/nylon  6 (PA-6)  or  EPDM  with  PS/PA-6  block  copolymers  or  styrene-ethylene/butyicnc- 
styrene  triblock  copolymer  as  compatibilizcr  113,14],  and  PVC/PS  with  PMMA/PS  block 
copolymer  as  compatibilizcr  ( 15]  are  all  effective  blending  systems. 

However,  compatibilization  by  preformed  block  or  graft  copolymers  has  not  been  used 
as  extensively  as  the  potential  utility  might  suggest,  A primary  reason  for  this  is  the  lack  of 
economically  viable  and  industrially  practical  routes  for  synthesis  of  such  copolymers  as 
additives  for  systems  of  interest. 


In  this  case,  graft  or  block  copolymers  acting  as  compatibilizers  are  formed  during  the 
compounding  of  polymer  blends.  There  are  two  types  of  in  situ  reaction:  free  radical,  and 
non-free  radical  High  impact  polystyrene  (HIPSl/ABS  blends  are  the  classical  examples  of 
systems  compalibilized  by  block  or  graft  copolymer  formed  through  fine  radical  reactions  in 
situ  [1,2].  Recently,  a PS/PE  system  was  also  compalibilized  by  styrcnc/cthylcne  graft 
copolymers  formed  in  situ  by  free  radical  reactions  (16].  Also,  EPDM  and  MMA  was 
extruded  in  a twin-screw  extruder  with  peroxide  as  the  initiator.  This  system  yields  a mixture 
of  EPDM  and  PMMA  in  which  EPDM-g-MMA  acts  as  a compatibilizcr  [10]. 


Non-lrcc  radical  type  of  in  sim  compaubilization  was  first  proposed  by  Ide  el  a I .[17] 
in  die  compatibihzaiion  of  maleic  anhydride  (MA)  grafted  PP  (PP-g-MA)  and  PA-6  through 
the  reaction  of  the  anhydride  with  the  terminal  -NH,  groups  of  PA-6.  Since  then,  more  and 
more  attention  has  been  paid  to  exploring  functional  polymers  as  precursors  of 
compatibilizers.  Polyamides  or  polyesters  have  begun  to  be  blended  with  elastomers 
containing  carboxyl,  maleic  anhydride  or  epoxy  groups,  in  which  the  interchain  copolymers 
arc  formed  between  the  end  groups  of  polyamide  or  polyester  and  the  reactive  group  of 
elastomers  in  sim  [18-22].  Usually,  the  functional  polymers  could  be  graft  polymers  or 
random  copolymers  containing  functional  groups.  The  most  widely  used  functional  polymers 
arc  MA  or  acrylic  acid  (AA)  grafted  or  random  copolymerized  polyolefin  copolymers. 
Generally,  the  functional  polymers  have  A-co-C  or  A-g-C  (C  represents  the  reactive  unit) 
structure:  it  can  compatibilize  the  immiscible  polymer  A and  B if  C is  capable  of  a chemical 
reaction  with  B.  The  majority  of  the  blends  employ  polyamide  as  one  component  and 
copolymers  containing  anhydride  or  carboxyl  functionality  as  functional  polymers.  For 
example.  PE  or  PP  can  also  be  compalibilized  with  PA-6  by  carboxyl  functionalized  PE 
copolymer  or  PP-g-AA  [23].  PS  can  be  compalibilized  with  PA-6  by  anhydride 
functionalized  PS  [24],  ABS/PA-6  can  be  compalibilized  by  SAN-co-MA  copolymer,  and 


PA-6, 6/acrylate  rubber  can  be  compalibilized  by  SMA  or  EPDM-g-MA  copolymer  [26]. 
Besides  nylon  family,  polyethylene  tercphihalatc)  (PET)  and  poly(butylenc  tcrephthalate) 
(PBT)  arc  compalibilized  with  functional  rabbets  with  epoxy  group  [27,28],  Recently,  a dual- 
functional-polymcr  compatibOizaiion  model  has  been  developed  in  our  research  group.  In  this 
case,  two  functional  polymers,  for  example,  are  A-co-C  (or  A-g-C)  and  B-co-D  ( 

(C  and  D represent  the  reactive  units  or  grou 


orB-g-D) 


ups,  and  they ; 


other).  When 


alher  during  ihc  compaiibilization  of  A/B  blends, 


the  two  functional  polymers  coniacl  each  o 
a copolymer  A-B  is  formed  by  die  reaction  of  C and  D groups.  This  compaiibilization  model 
has  been  successfully  applied  in  the  compaiibilization  of  PE/PP  blends  in  our  research  group. 
By  adding  a small  amount  of  PE-g-epoxy  and  PP-g-MA  to  the  uncompatibilizcd  PE/PP 
blends,  the  two  functionalized  polymers  form  PE-g-PP  copolymer  by  the  interfacial  reaction 
of  epoxy  and  MA  groups,  which  functions  as  the  compaiibilizcr.  The  other  two  examples  of 
this  compaiibilization  models  are  the  compatibilizations  of  polyolefins/PVC  and  PP/ABS 
blends  which  will  be  discussed  in  detail  in  this  dissertation. 

Figure  (1-1)  shows  the  reported  examples  of  common  compatibilizing  reactions 
between  functionalized  blend  consilutcnts  based  on  the  most  recent  literature  survey. 

1 .3  The  Synthesis  of  Funciional  Polymers 

Inserting  the  reactive  monomer  into  the  backbone  of  polymers  during  polymerization 
is  the  mast  widely  used  method  to  synthesize  the  functional  polymers.  However,  the  foreign 
units  inserted  may  disturb  the  molecular  backbone  of  the  original  polymer  and  change  its 
physical  properties.  The  good  examples  for  these  functional  copolymers  are  poly  (cthylene- 
co-AA)  (Zeeland  Chemicals),  poly(styrene-co-MA)  (Arco  Chemical),  poly(styrene-co- 
oxazoline)  (Dow  Chemical),  poly(styrene-co-acrylonitrile-co-MA)  (Dow  Chemical),  and 
poly(elhylcnc-co-glycidyl  methacrylate)  (Nippon  Shokubai  Co.).  These  copolymers  contain 
the  reactive  monomer  from  1%  up  to  50%  (wt.  %).  They  keep  most  of  the  physical 
properties  of  the  homopolymers,  but  they  have  certain  changes  in  thermal  and  mechanical 


Grafting  of  preformed  polymers  is  another  important  method  for  the  preparation  of 
polymers  with  a fiinctionai  group.  Since  the  grafting  does  not  disturb  the  backbone  structure, 
grafted  polymer  keeps  most  of  physical  properties  of  the  original  polymer.  The  traditional 
grafting  technique  is  solution  grafting,  which  needs  to  dissolve  the  polymer  in  organic  solvent 
and  then  introduce  initiator  and  monomers  in  the  solution.  At  the  same  time,  the  reaction 
should  be  protected  by  nitrogen  and  kept  at  high  temperature.  Several  hours  of  reaction  is 
usually  required  to  achieve  a high  graft  ratio.  The  high  cost  and  high  toxicity  of  the  organic 
solvent  used  for  the  grafting  make  this  processing  economically  and  ecologically  impractical. 
Recently,  melt  grafting  and  solid-state  grafting  have  been  developed  to  remedy  the  problems 
of  low  productivity  and  high  solvent  cost  of  the  traditional  solution  grafting.  Both  solid-state 
and  melt  grafting  are  earned  out  without  any  solvent.  Also,  both  solid-state  and  melt  grafting 
are  usually  carried  out  via  continuous  twin-screw  extrusion  which  have  much  higher 
productivity  than  solution  grafting.  However,  neither  melt  grafting  nor  solid-state  grafting 
could  reach  as  high  of  a graft  ratio  as  solution  grafting. 


Most  of  the  commercially  available  functional  polymers  contain  only  acidic  reactive 
groups  such  as  carboxylic  acid,  acrylic  acid,  or  maleic  anhydride,  which  can  only  be  used  to 
compatibilize  with  polymers  containing  basic  reactive  groups,  like  nylon  with  amine  end 
groups.  Basic  groups  functionalized  polymers  have  also  been  developed  recently.  The  most 
widely  used  one  is  polyetheramine  (JcfTaminc  Series,  Huntsman  Chemical  Co.),  which  has 
been  used  with  PP-g-MA  to  improve  the  surface  paintability  and  flexibility  of  PP  (39], 
Another  kind  of  newly  published  fiinctionai  polymer  is  LDPE  grafted  with  2-(dimethylamino) 


eihy!  methacrylate  (DMAEMA)  [40. 41],  This  kind  of  grafted  LDPE  can  form  ionic  bonds 
or  polar  interactions  with  polymers  containing  carboxylic  acid  or  maleic  anhydride  groups. 
However,  the  low  reactivity  of  ternary  amines  makes  the  compatibilizing  efficiency  of  this 
functionalized  polymer  low  [41J.  Recently.  Dow  Chemicals  developed  oxazoline 
functionalized  PS  based  on  the  copolymerization  of  styrene  and  a small  amount  of  oxazoline 
monomer.  Since  its  availability,  it  has  been  used  to  compatibilize  PS/LDPE  or  PS/EP  rubber 
blends  along  with  PE-g-MA  or  EP-g-MA  [42, 43).  Besides  these,  it  has  also  been  successfully 
used  with  carboxylatcd  nitrile  rubber  (XNBR)  to  compatibilize  NBR/PS  blends  [44].  The 
reaction  mechanism  of  oxazoline  with  other  groups  are  shown  in  Figure  ( 1 - 1 ) (reaction  6-8). 

Li  Hie  Edoxv  Functionalized  Polymers 


Recently,  in  sim  compatibdizcd  polymer  blends  based  on  copolymers  containing 
glycidyl  methaciyiaic  (GMA)  monomer  have  attracted  great  attention  because  of  potentially 
broad  applications.  The  unique  property  of  the  epoxy  group  of  GMA  is  its  extremely  high 
reactivities  with  both  basic  groups  (primary  amine  or  secondary  amine  groups)  and  acidic 
groups  (hydroxy],  carboxylic,  anhydride)  which  means  the  GMA  functionalized  polymers 
compatible  with  both  nylon  (amine  end  group)  based  and  polyester  (hydroxyl  and  carboxylic 
end  groups)  based  polymers.  The  mechanisms  of  these  reactions  are  shown  in  figure  (1-1) 
above  (reaction  2 to  5).  Chung  and  Carter  [29]  used  styrene-acrylonitrile-glycidyl 
methacrylate  copolymer  to  compatibilize  PET/ABS  blends  which  have  extremely  high  low- 
temperature  impact  properties.  Akkapcddi  el  at.  [30-31]  reported  using  ethylenc-g-GMA 
(EGMA)  as  a reactive  compatibilizer  in  the  blends  of  PET  with  PC  and  with  various 
polyolefins.  Lee  and  Chang  investigated  a series  of  reactive  compatibilized  blends  based  on 


GMA-c 


: copolymers  including  the  following  polymer  pairs:  PS/nylon  [321,  PS/PET 
[28[,  HIPS/PET  [34],  ABS/phenoxy  [34],  ABS/nylon[35],  ABS/polyacetai  [36], 
polyphenylene  oxide  (PPOJ/PBT  [37],  and  PMMA/PBT  [38],  However,  most  of  the  epoxy 
functionalized  polymers  mentioned  here  arc  synthesized  by  solution  copolymerization  or 
solution  grafting  which  is  still  economically  costly  for  wide  application. 


The  studies  of  this  dissertation  are  divided  into  two  parts.  The  first  part  describes 
synthesizing  the  MA,  GMA,  and  oxazoline  monomer  grafted  polyolefins  and  compares  the 
reactivities  of  them  with  various  other  reactive  groups  (Chapter  2 - 5).  The  second  part 
demonstrates  the  applications  of  GMA  grafted  polyolefins  in  the  compatibilization  of  three 
polymer  blends,  HDPE/PET,  PVC/polyolcfin.  and  PP/ABS  which  are  major  components  of 
recycled  plastics  (Chapter  6 - 8).  The  purpose  of  developing  functional  monomers 
functionalized  polyolefins  is  to  find  a versatile,  economical,  and  highly  reactive  functional 
polymer  which  can  achieve  compatibilization  efficiently  for  various  polyolefin  blends. 

In  Chapter  2.  several  grafting  techniques  including  solution,  melt,  and  solid-stale 
grafting  are  applied  to  synthesize  the  epoxy  group  functionalized  polyolefin  by  using  GMA 
as  monomer.  Two  other  commonly  used  monomers,  maleic  anhydride  (MA)  and  2- 
isopropenyl-2-oxazolinc  (IPOZ),  arc  also  grafted  on  polyolefin  and  compared  with  the 
grafting  of  GMA  monomer.  Since  epoxy  and  oxazoline  groups  possess  high  reactivities  with 
various  chemical  groups,  a separate  chapter  (Chapter  4)  studies  and  compares  the  reactivities 
of  the  GMA  grafted  and  oxazoline  grafted  polyolefin  with  other  functional  groups:  for 
example,  carboxylic  acid,  hydroxyl,  and  amine  groups,  in  the  melt.  In  Chapter  5,  a twin-screw 


sly,  and  (he  grafting  is  optimized  by 


extruder  is  applied  to  cany  out  the  grafting  continuous 
changing  the  operation  parameters,  extrusion  procedures,  and  using  comonomer  technique. 
In  order  to  compensate  for  the  loss  of  mechanical  properties  of  PP  caused  by  thermal 
degradation  during  melt  grafting,  a novel  recouping  technique  is  studied  in  Chapter  6. 

The  applications  of  the  synthesized  GMA  grafted  polyolefin  in  the  compatibilization 
of  three  major  binary  blends  of  recycled  plastics:  HDPE/PET,  PVOpolyolefin,  and  ABS/PP 
are  described  in  Chapter  6, 7,  and  8.  For  HDPE/PET  blend,  the  compatibilization  mechanism 
is  based  on  the  interfaced  reaction  between  the  grafted  epoxy  groups  and  the  carboxylic  acid 
end  groups  or  hydroxyl  groups  of  PET.  For  both  PVOpolyolefin  and  ABS/PP  blends,  dual- 
functional-polymer  model  is  employed  for  the  compatibilization.  Besides  GMA  grafted 
polyolefin,  another  functional  polymer  is  carboxylated  nitrile  rubber  (XNBR)  for 
PVOpolyolefin  compatibilization,  and  poly(styrcnc-co-malcic  anhydride)  (SMA)  for  ABS/PP 
compatibilization.  The  selection  of  these  two  functional  polymers  is  based  on  the  facts  that 
XNBR  and  SMA  are  miscible  with  PVC  and  ABS  matrix,  respectively. 

Methods  to  characterize  the  grafted  polyolefin  include  solvent  extraction  for  the 
purification  and  gel  amount  measurement  for  crosslinking  density,  elemental  analysis.  FTIR, 
and  'H-  NMR  for  graft  ratio  measurement.  Double-plate  rotational  rheometer,  melt  flow 
index,  and  torque  measurements  arc  used  as  major  tools  for  the  rheology,  intcrfacial  reaction, 
and  processability  studies  of  the  blends.  Scanning  electron  microscopy  (SEM)  is  used  to 
analyze  the  morphologies  of  blends.  The  thermal  characterization  is  carried  out  by  differential 
scanning  calorimeter  (DSC).  The  mechanical  properties  are  characterized  by  delecting  tensile 
properties  and  Izod  impact  strength.  Lap  shear  adhesion  measurement  is  also  employed  to 
study  the  intcrfacial  interaction  between  different  phases. 


PART  I:  THE  GRAFTING  OF  POLYOLEFINS  WITH  FUNCTIONAL  MONOMERS 
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CHAPTER  2 

THE  GRAFTING  OF  POLYETHYLENE  BY  SOLID-STATE,  MELT  AND 
SOLUTION  GRAFTING 

2. 1 Iniroduciion 

Polyethylene  is  an  apolar  and  chemically  inert  polymer,  but  its  polarity  or  chemical 
reactivity  can  be  modified  by  means  of  grafting  various  functional  monomers  onto  its 
backbone  without  substantial  loss  of  its  physical  properties.  The  grafting  processing  may  be 
carried  out  in  the  solution-state  [44, 45],  molten-state  [46, 47]  or  solid-state  [48-50],  The 
grafted  polyethylene  has  various  applications,  especially  as  a precursor  of  a compatibilizcr  for 
polymer  blends  as  illustrated  in  Chapter  1 . 

Solid-State  grafting  was  recently  proposed  to  graft  maleic  anhydride  (MA)  onto 
polypropylene  (PP)  [48-50].  This  grafting  technique  allows  for  the  reactive  monomer  to  be 
grafted  onto  the  surface  of  PP  particles  below  the  melting  temperature  of  PP.  The  grafted  MA 
unit  can  form  interphase  linkage  between  a polymer  and  fillers  (like  CaCOJ  or  a polymer  and 
a polymer  in  polymer  blends.  As  the  grafting  is  carried  out  at  low  temperatures  (below  T„  of 
polyolefins),  the  toxic  fume  which  is  usually  formed  during  melt  grafting  can  be  avoided. 

The  grafting  of  polyolefins  in  the  melt  is  becoming  an  increasingly  important  industrial 
process.  The  MA  grafting  onto  polyolefin  backbone  via  the  twin-screw  extrusion  process  has 


been  widely  used  in  industry  [5 1 -54J.  Various  olher  monomers  like  acrylic  acid,  hydroxy  eihyl 
m (HEMA)  and  2-(dimethylamino)  ethyl  methacrylate  (DMAEMA)  [40, 41, 55, 

56]  have  also  been  successfully  grafted  onto  polyolefin  according  to  recent  publications. 

Solution  grafting  is  a traditional  grafting  technique.  Its  greatest  advantage  is  being 
able  to  achieve  a high  graft  ratio  via  a long  grafiing  time.  Unfortunately,  a toxic  and  expensive 
solvent  is  needed  for  this  process  and  the  disposal  of  the  waste  solvent  is  an  ecological 
problem.  The  high  cost  of  the  solvent  makes  the  grafted  polymers  produced  by  this  technique 

In  this  study,  these  three  grafiing  methods  are  studied  and  compared  in  the  grafting 
of  high  density  polyethylene  (HDPE)  with  three  types  of  frequently  used  functional 
monomers:  maleic  anhydride  (MA),  glycidyl  methacrylate  (GMA),  and  2-isopropenyl-2- 
oxazoline  (1POZ).  As  illustrated  in  Chapter  1,  MA  monomer  is  only  reactive  to  basic  groups, 
while  IPOZ  and  GMA  are  reactive  with  both  acidic  and  basic  groups. 

2.  2 Experiment 


Pelletized  HDPE  was  supplied  from  Eastman  Chemical  Producls(Tcnite  PLS  H6001- 
A).  Maleic  anhydride  (99®)  was  bought  from  Fisher  Scientific  and  used  as  received.  Glycidyl 
methacrylate  was  bought  trora  Aldrich  Chemical  Co.  and  purified  by  column  chromatography 
before  application.  The  2,5-dimethyl-2,5-di(t-butylperoxyl)hexane  was  supplied  by  Lucidol 
Divison,  Pennwalt  Corp.  and  used  as  an  initiator  for  the  grafting.  2-isopropcnyl*2-oxazoIine 
(boiling  point:  50.5-51.5°C/17  torr)  was  synthesized  according  to  Appendix  A.  1,  2- 


dichlorobenzene  (DCB)  was  bought  from  Fischer  Scientific  and  used  as  a high  temperature 
solvent  for  the  solution  grafting.  The  chemical  structures  of  the  three  monomers  arc  shown 
in  figure  (2-1). 


temperature  below  the  T„  of  HDPE  (StfC  and  lOtPC).  HDPE  had  been  cryogenically  ground 
to  powder  (~  100  pm).  The  ground  HDPE  was  mixed  with  a monomer/initialor  solution,  then 
put  in  the  running  mixer  at  100  rpm.  The  processing  was  protected  in  inert  atmosphere  (N2 
gas  protection).  The  mixing  was  stopped  after  a determined  time. 

2, 2, 2-2  Mcl)  grafting 

The  melt  grafting  of  HDPE  was  performed  on  the  same  batch  mixer  as  used  in  solid- 
state  grafting.  The  polymer,  monomer  and  initiator  were  premixed  and  charged  into  the  mixer, 
which  is  operating  ai  70  rpm  and  at  a set  temperature  between  160-18tPC  for  MA  and  GMA 


The  solution  grafting  reaction  was  carried  out  in  a thrcc-ncck  nask  equipped  with  a 
stirrer  and  a thetmometer.  The  temperature  in  the  flask,  which  was  heated  in  a heating  mantle 


DCB  at  about  120°C,  the  temperature  was  raised  to  the  desired  temperature  and  the 
monomers  which  had  been  mixed  with  the  desired  amount  of  peroxide  was  added.  After 
determined  grafting  time,  the  reacdon  was  stopped  and  the  reaction  product  was  poured  into 


5- 10  volumes  of  acetone  with  constant  stirring.  The  precipitated  product  was  filtered,  washed 
twice  with  acetone,  and  subsequently  dried  overnight  at  50°C  in  a vacuum  oven. 


2,2,3  Analgia 

The  raw  graft  products  ftom  solid-state  grafting  and  melt  grafting  were  vacuum  dried 
at  KWC  for  2 days  to  remove  the  unreactcd  residue  monomer.  FTIR  was  used  to  detect  the 
wt.%  of  converted  monomer  (grafted  and  horaopolyrocrized  monomer)  in  the  sample.  The 
FTIR  samples  were  prepared  by  compression  molding  at  160C  for  1 min  to  a transparent  thin 
film.  The  wt.%  of  converted  monomer  is  calculated  by  comparing  the  ratio  of  the  absorbance 
of  the  characteristic  groups  of  the  monomers  (carbonyl  for  MA  (1706  cm’1)  and  GMA  (1738 
cm1),  oxazolinc  ring  for  1POZ  (1637  ctrf  ))  to  the  methyl  group  of  PE  (1376  cfo  ).  The 
absolute  converted  monomer  (wt.%)  can  be  determined  by  oxygen  elemental  analysis. 
Combining  the  results  of  element  analysis  and  FTIR  absorbance  ratio  constructs  the 
calibration  curves  so  that  the  convened  monomer  (wt%)  can  be  calculated  by  measuring  the 
height  of  the  characteristic  peak.  The  calibration  curves  for  the  three  monomers  grafted 
HDPE  by  the  above  method  is  illustrated  in  Appendix  B and  Chapter  4.  After  the  wt.%  of 
grafted  and  homopolymerized  monomer  was  determined,  the  sample  was  dissolved  in 
relluxing  toluene  then  the  dissolved  polymer  was  precipitated  in  methanol.  The  homopolymer 


Gra/rrar/o(GR)= 


Graflcfficitncy{GE) = 


<100* 


of  monomers  would  be  dissolved  in  meihanol  solvent.  The  precipitated  polymer  was  dried  in 
a vacuum  drier  at  OTC  for  1 day.  Since  the  remaining  monomer  structure  is  all  from  grafted 
monomer,  the  determined  amount  of  monomer  by  FTIR  should  be  the  wt.*  of  grafted 
monomer.  The  calculation  of  graft  ratio,  graft  efficiency,  and  conversion  arc  based  on  the 
formula  shown  above.  The  tola!  amount  of  monomer  used  for  the  calculation  of  conversion 


PI:  mass  of  detected  polymer;  P:  mass  of  blended  polymer:  M:  mass  of  blended 
monomer.  The  FTIR  spectra  of  the  purified  grafted  HOPE  by  the  three  grafting  methods  are 
shown  in  Figure  (2-2)  to  (2-4). 


The  exact  mechanism  of  the  grafting  process  is  very  complicated  and  controversial 
Basically,  there  are  at  least  three  reactions  that  coexist  and  compete  with  each  other:  grafting 
of  monomer  onto  PE  backbone;  homopolyraerizalion  of  monomer;  and  crosslinking  of  PE 


macroradicals  (as  shown  in  Figure  (2-5)).  After  the  decomposition  of  the  peroxide,  the  free 
radical  RO  abstracts  hydrogen  from  PE  and  generates  macroradical  PE-.  AU  of  these  three 
reactions  mentioned  above  compete  for  the  free  radicals  or  PE  macroradicals.  The  overall 
graft  ratio  should  be  affected  by  the  competitions  between  the  three  reactions.  However,  the 
homopolymerization  of  monomer  could  be  suppressed  by  the  high  processing  temperature. 
If  the  processing  temperature  is  above  the  ceiling  temperature  of  the  homopolymer, 
depolymerization  (Figure  (2-5),  step  4)  will  occur  which  will  favor  the  grafting. 

212.  Solid-State  Grafting 

Figure  (2-6)  shows  the  changes  in  the  graft  ratios  (GR)  of  the  three  monomers 

higher  graft  ratio  than  the  other  two  monomers.  However,  the  overall  conversions  of  the  three 
monomers  are  quite  close  according  to  Table  (2-2).  It  seems  that  the  relatively  low  graft 
ratios  of  both  GMA  and  IPOZ  could  be  attributed  to  the  competition  between  monomer 
grafting  and  homopolymerization.  This  was  further  confirmed  by  Figure  (2-7)  in  which  the 
graft  efficiency  of  GMA  and  IPOZ  arc  much  lower  than  that  of  MA.  This  kind  of  difference 
in  the  graft  efficiency  can  be  due  to  the  different  molecular  structures  and  polarities  of  these 
three  monomers  (Figure  (2-1)  and  Table  (2-1)).  From  the  structures  point  of  view,  MA  is 

substitution  of  the  two  adjacent  carbonyl  groups  at  the  1 and  2 positions  of  the  double  bond. 
Also,  due  to  the  electron-attracting  nature  of  the  two  carbonyl  groups,  the  electrons  around 
the  double  bond  arc  deficient  making  it  insensitive  to  the  attack  of  free  radicals.  From  the  Q-e 


Df  these  three  i 


„GMA  (according  lo  the  c Values),  which  means  lhai  the  electron  density  of  Ihe  vinyl  group 
of  MA  is  extremely  low.  Besides,  the  symmetry  of  the  double  bond  and  the  electron  cloud  is 
the  another  reason  for  the  reluctance  of  MA  to  the  homopolymerization.  Comparatively,  the 
chemical  structures  of  both  GMA  and  1POZ  lack  stcric  hindrance  factor.  For  GMA.  only  one 
carbonyl  group  demonstrates  the  electron-attracting  effect,  while  for  IPOZ,  this  kind  of  effect 
caused  by  the  oxazoline  ring  is  also  trivial 

From  Ihe  above  structure  analysis,  both  GMA  and  IPOZ  tend  to  homopolymerize  in 
addition  to  grafting,  while  for  MA.  the  possibility  of  homopolymerization  under  the  conditions 
employed  in  the  solid-slate  grafting  is  low.  However.  Table  (2-3)  indicates  that  the  detected 
graft  efficiency  (GE)  of  MA  is  lower  than  100%.  which  means  that  MA  grafting  still 
accompanies  the  homopolymerization.  According  to  reference  (59.60],  poly(MA)  can  only 
be  formed  under  low  temperatures  ( around  60°C)  for  a long  period  of  reaction  lime.  In  the 
solid-state  grafting,  the  processing  temperature  is  low  (80“C  or  100*C)  and  the  reaction  tunc 
is  long  (35  min),  it  is  quite  possible  that  the  homopolymerization  of  MA  still  exists. 

From  the  standpoint  of  monomer  dispersion  in  a polymer  matrix,  monomers  are 
coaled  outside  polyolefin  particles  as  a thin  layer  during  grafting.  As  the  polyolefin  matrix  is 

scale.  The  coalescent  state  of  the  monomer  droplet  facilitates  the  formation  of  homopolymer 
which  makes  the  graft  ratio  (GR)  of  both  GMA  and  IPOZ  low.  Figure  (2-6)  also  gives  us 


' grafting  i 


ely  low.  This  is  because  of  the  la 


The  effects  of  monomer  concentration  on  the  graft  ratio  and  the  graft  efficiency  were 
also  studied  (Figure  (2-8)).  For  all  three  monomers,  there  is  no  obvious  change  in  the  graft 
ratios  with  the  increasing  monomer  wt.%,  especially  for  GMA  and  IPOZ  The  domination  of 
homopolymcrizalion  caused  by  monomer  coalescence  can  be  the  explanation  for  this 
phenomena.  Obviously,  increasing  the  amount  of  monomer  is  not  an  effective  way  to  increase 
the  graft  ratio  and  graft  efficiency  simultaneously  for  the  solid-stale  grading  of  these  three 


Vcty  low  crosslinking  densities  were  recorded  for  all  of  these  three  solid-state  grafted 
HDPE  by  the  melt  Bow  index  (MF1)  value  measurement  (Table  (2-3)).  Accotding  to  the 
reaction  mechanism  illustrated  in  Figure  (2-5),  the  low  temperature  makes  it  difficult  for 
peroxide  to  abstract  the  hydrogen  from  the  PE  backbone  (Figure  (2-5),  step  (1))  and 
consequently,  only  a small  amount  of  PE  macroradicals  can  be  generated.  The  low 
concentration  of  PE  macroradicals  could  result  in  both  crosslinking  and  low  grafting  ratio  as 
illustrated  before  (Figure  (2-5),  step  (2)  and  (5)). 

graft  ratio,  graft  efficiency,  and  conversion.  The  increment  of  peroxide  does  result  in  high 
conversion  for  all  of  the  monomers,  but  the  graft  efficiencies  are  reduced  for  GMA  and  IPOZ, 
and  also  has  no  obvious  improvement  on  the  graft  ratio  of  them.  As  explained  above,  the  low 
processing  temperature  generates  l.,w  concentration  of  PE  radicals  even  the  concentration 
of  peroxide  is  high.  However,  the  high  concentration  of  peroxide  docs  facilitate  the 
homopolymerization  which  makes  the  graft  efficiency  lower. 


2.3.3  Melt  Grafting 


Compared  with  die  solid-slalc  grafting  iftusiraled  previously,  lire  mcll  grafting  process 
is  carried  out  above  (he  inching  point  of  polyolefins.  The  molten  state  makes  it  easier  to 
dissolve  the  monomer  into  the  melts,  which  can  deter  the  homopolymerization  and  increase 
the  graft  ratio.  When  the  melt  grafting  is  carried  out  under  temperature  close  to  the  ceiling 
temperature  of  homopolymerization,  the  depolymerization  reaction  (Figure  (2-5),  step  (4)) 
begins  to  play  an  important  role  and  lead  to  a repression  in  both  homopolymerization  and 
homopotymer  molecular  weight.  As  a result,  compared  to  the  solid-stale  grafting,  melt 
grafting  is  supposed  to  promote  both  graft  ratio  and  graft  efficiency,  especially  for  GMA  and 
IPOZ.  The  above  analysis  is  confirmed  in  Figure  (2-9).  The  graft  ratio  for  all  three  monomers 
grafted  via  melt  grafting  is  much  higher  than  those  grafted  via  solid-state  grafting.  Among  the 
three  monomers,  MA  is  still  the  one  which  can  be  grafted  with  the  highest  graft  ratio  although 
the  conversion  of  MA  is  not  the  highest  (Table  (2-4)),  GMA  has  the  next  highest  graft  ratio, 
while  oxazoline  has  the  lowest,  same  sequence  as  solid-stale  grafting. 

The  effects  of  temperature  and  initiator  on  the  graft  ratio  and  graft  efficiency  are 
shown  in  Table  (2-5).  When  the  processing  temperature  is  above  1«CC.  almost  no 
homopolymcrization  for  MA  is  observed.  This  is  because  MA  is  not  readily  polymerized 
under  the  temperature  employed  here  and  is  therefore  grafted  at  a high  efficiency  without  the 
accompanying  formation  of  any  homopolymcrization.  The  ceiling  temperature  for  GMA 
polymerization  is  not  known,  but.  since  that  for  methyl  methacrylate  (MMA)  at  a 
concentration  of  1M  is  estimated  to  be  I55”C  [541,  it  is  expected  to  be  under  180"C.  It  should 
be  reasonable  to  infer  that  a high  processing  temperature  of  melt  grafting  (>16Q°C)  can 


eliminate  the  homopolymerization  to  a certain  extent  for  GMA  monomer.  As  shown  in  Table 
(2-5),  when  the  temperature  increases  from  160"C  to  180"C,  the  graft  efficiency  increases 
from  53%  to  64%.  Unfortunately,  the  high  processing  temperature  makes  monomer  vaporize 
easier,  this  kind  of  consumption  of  monomer  by  processes  other  than  grafting  can  also  be  a 
direct  reason  for  the  low  graft  efficiency  and  conversion  of  IPOZ  (as  shown  in  Table  (2-4) 
and  (2-5))  although  graft  ratio  and  conversion  increased  with  high  temperature. 

Besides  the  temperature  factor,  from  Figure  (2-10),  it  can  also  be  seen  that  graft  ratio 
cannot  be  improved  dramatically  by  just  increasing  the  monomer  concentration,  which  is 
similar  to  solid-stale  grafting.  High  monomer  content  leads  to  low  graft  efficiency,  while  low 
monomer  content  can  usually  keep  graft  efficiency  effectively  high.  The  reason  for  that  is  that 
the  small  amount  of  monomer  has  superior  solubility  in  the  melt  compared  to  a large  amount 
and  the  coalescence  is  rare  which  makes  the  monomer  have  more  chances  to  contact  not  with 
the  monomer  itself  but  with  the  polymer  chains. 

The  content  of  peroxide  also  has  a direct  effect  on  the  graft  ratio  (GR)  and  graft 
efficiency  (GE)  (Table  (2-5)),  high  initiator  concentration  resulted  in  high  GE  and  GR.  Unlike 
solid-state  grafting,  the  GR  and  GE  of  melt  grafting  is  very  sensitive  to  the  change  of 
peroxide  concentration.  Under  high  temperature,  high  content  of  peroxide  can  effectively 
abstract  hydrogen  atom  on  polyolefin  backbone  and  produce  PE  macroradicals.  The  large 
amount  of  these  PE  macroradicals  offer  enough  potential  grafting  sites  for  the  monomer 
(Figure  (2-5),  stop  (2))  and  increases  the  probability  of  polymer  radicals  to  be  attacked  by 
monomer.  Consequently,  GR  and  GE  increased  dramatically  along  with  the  increasing  of 
peroxide.  Unfortunately,  high  contents  of  peroxide  could  induce  a high  crosslinking  density 
which  is  shown  by  the  decreasing  MFI  value  of  the  grafted  HDPE.  As  a result,  determining 


HDPE.  High  crosslinking  densities  will  result  in  poor  processability  while  the  high  graft  ratio 
is  crucial  for  successful  reactive  compatihilization.  The  grafting  rate  could  also  be  inferred 
from  Figure  (2-9).  GR  will  not  increase  dramatically  after  the  first  10  minutes  of  grafting, 
which  means  the  grafting  can  be  mostly  accomplished  within  the  first  10  minutes,  especially 
for  MA  and  GMA.  If  the  grafting  is  carried  out  in  twin-screw  extruder  with  high  shear  rate, 
the  grafting  rate  could  be  increased  even  sufficiently.  As  a result,  compared  with  other 
grafting  techniques,  melt  grafting  lias  the  advantages  of  short  processing  time  and  continuous 
processing  if  the  grafting  is  carried  out  in  a twin-screw  extruder. 

2.3.4  Solution  Grafting 

As  illustrated  before.  IPOZ  has  a relatively  low  boiling  point.  Solid-state  grafting 
usually  results  in  a low  graft  efficiency  (GE)  because  of  the  competition  from 
homopolymerization,  and  melt  grafting  can  not  dramatically  increase  GE  and  conversion 
either  because  of  its  vaporization  under  the  high  processing  temperature.  These  kinds  of 
proponies  of  IPOZ  which  is  ready  for  homopolymerization  and  having  a low  boiling  point, 
make  its  grafting  process  tum  back  to  the  traditional  solution  grafting,  in  which  monomer 
vaporization  can  be  avoided  by  a condensation  device.  On  the  other  hand,  complete  molecular 
contact  between  monomer  and  polymer  chain  would  also  be  possible  in  a solution  system,  by 

Figure  (2-11)  show  the  graft  ratios  of  the  three  monomers  along  with  the  grafting 
time.  In  this  case,  both  GMA  and  IPOZ  can  reach  graft  ratios  as  high  as  MA.  The  graft  ratios 
of  the  mon 


; highest  compared  with  die  other  two  grafting  techniques.  The  high  graft 


ratio  and  efficiency  can  nol  only  be  attributed  to  a long  grafting  time,  but  also  to  the  ideal 
mokcular  dispersion  of  monomer  in  polymer  solution  and  the  high  probability  of  molecular 
contact  between  monomer  and  polymer  chain.  The  coalescence  of  monomer  molecules  is 
impossible  because  of  the  high  solubility  in  polymer  solution  and  low  concentration  of 

The  effect  of  the  concentration  of  monomer  is  illustrated  in  Figure  (2-12).  At  low 

concentration  until  a large  amount  of  monomer  is  added.  The  decreasing  slope  of  the  GR 
curve  at  high  monomer  concentrations  means  that  homopolymerization  begin  to  show  up. 
However,  unlike  melt  grafting  and  solid-state  grafting,  the  GR  is  sensitive  to  the  increasing 

to  6%  could  cause  the  GR  to  increase  from  around  1.8%  to  4.2%.  As  a result,  increasing  the 
concentration  of  monomer  is  an  effective  method  to  increase  the  GR  for  solution  grafting. 

Similar  to  the  melt  grafting,  increasing  the  temperature  and  the  concentration  of  the 
initiator  can  also  increase  the  GR  and  GE.  but  the  resulted  crosslinking  is  also  observed 
(Table  (2-6)).  However,  the  increment  of  crosslinking  is  not  as  extreme  as  in  melt  grafting. 

As  illustrated  before,  the  low  GR  of  IPOZ  in  the  other  two  methods  is  mainly  because 
of  the  homopolymerization  and  vaporization  of  monomer.  Due  to  the  elimination  of  these 
problems  in  solution  grafting,  the  GR  and  GEofIPOZ  is  the  highest  among  the  three  grafting 
methods.  It  is  interesting  to  notice  that  GMA  and  IPOZ  have  quite  similar  GR  and  GE  values 
in  solution  grafting  as  well  as  in  solid-stale  grafting.  This  kind  of  similarity  between  IPOZ  and 
GMA  might  be  due  to  the  similar  electron  densities  of  their  vinyl  group  as  shown  in  Table  (2- 


1)(57,58). 


2-4.1  Solid-State  Grafting 


I.  Maleic  anhydride  can  be  successftdly  grafted  omo  PE  panicles  by  solid-slaie 
grafting  while  GMA  and  IPOZ  arc  relatively  difficult  to  graft  with  a high  graft  ratio.  The  most 


sold-state  grafting  condition.  Homopolymerization  is  observed  for  all  of  the  three  monomers 
under  the  condition  of  solid-state  grafting. 


monomer  or  peroxide,  which  only  resulted  in  a low  graft  efficiency. 

3.  Low  crosslinking  is  observed  for  the  solid-slate  grafting  which  can  be  due  to  the 


under  the  processing  temperature. 

2.4,2  Melt  Grafting 

1.  All  three  monomers  could  be  successfully  grafted  onto  the  polyolefin  by  melt 
grafting. 

2.  There  is  competition  between  homopolymerization  and  grafting  for  GMA  and  IPOZ 
under  low  processing  temperature.  However,  the  homopolymerization  can  be  prohibited  by 
the  processing  conditions  like  high  temperatures,  low  concentrations  of  monomers,  and  high 


likely  i 


4.  The  grafting 


i of  PE  i 


some  negative  effects  like  high  crosslinking  densities. 

3.  The  required  processing  time  for  melt  grafting  is  much  shorter  than  that  for  solid- 
state  grafting,  and  most  of  grafting  can  be  finished  within  10  mins  of  melt  mixing  at  70  rpm 
and  160°C. 

1.  By  solution  grafting,  all  of  the  three  monomers  can  be  grafted  onto  PE  with  the 
highest  graft  ratios  and  efficiencies. 

2.  Increasing  the  concentration  of  monomer  to  a certain  extent  is  an  effective  route 
to  increase  both  graft  ratio  (GR)  and  graft  efficiency  (GE),  but  high  monomer  concentrations 
can  also  result  in  a low  GE. 

3.  Increasing  the  temperature  and  the  concentration  of  peroxide  will  increase  both  the 
GE  and  GR.  as  well  as  increase  the  crosslinking  density,  but  the  crosslinking  is  not  as 
sensitive  to  the  peroxide  as  the  melt  grafting  does. 

4.  GMA  and  1POZ  have  quite  similar  grafting  results  which  might  be  due  to  the  similar 


Each  of  these  three  grafting  methods  has  its  own  advaniages  and  disadvantages.  The 
applications  of  them  should  be  dependent  on  the  specific  monomer  to  be  grafted.  Solid-state 


i which  results  i 


graft  ratios,  and  i 


t low  graft  efficiency  fo 


ready  horaopolymerizing  monomers.  Among  the  three  monomers  studied  in  this  paper,  MA 
is  the  best  candidate  for  this  technique  by  comparing  Figure  (2-2),  (2-3),  and  (2-4). 

Melt  grafting  has  the  advantages  of  short  processing  lime,  relatively  high  graft  ratio 
and  high  efficiency  if  the  polymer  is  processed  under  conditions  like  high  processing 

boiling  points  like  1POZ.  The  presence  of  residue  monomer  and  peroxide  might  have  negative 
influences  on  the  mechanical  strength  of  final  products.  Also  the  crosslinking  of  PE  caused 
by  the  high  content  of  peroxide  is  another  problem.  MA  and  GMA  are  good  candidates  for 
this  technique.  In  the  reactive  extruder  used  in  the  study  of  Chapter  4,  the  problem  of 

residue  monomer  can  be  eliminated  to  certain  extent.  Grafting  in  a twin-screw  extruder  is  also 
a continuous  process  in  which  high  productivity  and  grafting  efficiency  can  be  both  achieved 
simultaneoulsy.  It  will  be  discussed  in  Chapter  4 in  detail. 

The  traditional  solution  grafting  technique  is  the  most  expensive  process.  The  long 
reaction  time,  toxic  solvent,  and  laborious  procedure  make  it  difficult  to  be  used  as  a 

highest  graft  ratio  can  be  achieved  for  all  three  monomers  used  in  this  study.  The  best 
candidates  of  the  monomers  for  this  technique  arc  ones  having  low  boiling  points  and 
chemical  stability  under  high  temperatures.  In  this  study,  it  is  found  that  only  solution  grafting 
can  graft  oxazolinc  monomer  (1POZ)  onto  PE  backbone  with  high  graft  ratio  and  efficiency. 


The  molecular  structures  of  the  three  monomers. 


Figure  (2-1).' 
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(1) .  Initiation: 

Peroxide *•  2RO- 

RO-  + PE  ► ROH  + PE- 

(2) .  Grafting: 

PE-  + M ► PE-M- 

(3) .  Homopolymorization: 

nM 

RO-  + M ► ROM-  ► ROMo.i  - 

(4) .  Dcpolymcrization  above  ceiling  lempcraturc: 

(5) .  Crosslinking: 

PE-  + PE-  »-  PE-PE 


Figure  (2-5).  The  possible  i 


ring  grafting 
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T:  100  C;] 


| -o-  Maleic  anhydride  -o-  Glyddyl  mclhacraU'  -rs-  Oxa/oiinc 


Figure  (2-6).  The  graft  ratios  of  the  three  monomers  vs.  the  reaction  time  for  solid-state 
grafting. 
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Solid-Stale  Grading 

T:  100  C:  RIM  100:  Time:  35  min:  Peroxide:  1.5* 


Figure  (2-7).  The  graft  efficiencies  of  ihe  three  monomers  vs.  the  amount  of  monomers 
added  for  solid-state  grafting. 
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Figure  (2-9).  The  graft  ratios  of  the  I 
grafting. 
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Figure  (2-10).  The  graft  ratios  of  the  three  monomers  vs.  the  amount  of  monomers  added 
for  melt  grafting. 
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Solution  Grading 


Figure  (2- 12).  The  graft  ratios  of  the  three  monomers  vs.  the  amount  of  monon 
for  solution  grafting. 


*Q  and  c arc  defined  by  Alfrey  and  Price  Q and  c equation  [58]- 
Q and  c are  measures  of  Ihc  rcaclivily  and  polarity,  respectively,  of  a vinyl  monomer. 


Table  (2-2).  The  comparison  of 


Glycidyl 

mclhacrylale 


I is  5.2  g/10  rain. 


Table  (2-4).  The  comparison  of  convcr 


e:  180"C;  Processing  lime:  20  min. 


The  MH  of  pure  HDPE  is  5.2  g/10  min 


: MFI  of  pure  HDPE  is  5.2  g/IO  min 


CHAPTER  3 

THE  REACTIVITIES  STUDY  OF  GMA  AND  OXAZOUNE  GRAFTED 
POLYOLEFIN  IN  THE  MELT 


Chapter  2 illustrated  the  feasibility  of  grafting  several  monomers,  including  maleic 
anhydride  (MA),  glycidyl  methacrylate  (GMA),  and  2-isopropenyl-2-oxazoline  (IPOZ),  onto 

grafted  polyolefin  can  only  react  with  polymers  with  basic  end  groups  like  nylons,  which  have 
amine  end  groups.  This  restricts  the  applications  of  MA  grafted  polyolefin  in  polymers 
compatibilization.  However,  unlike  MA  grafted  polymers,  GMA  and  oxazoline  grafted 
polymers  can  react  very  efficiently  with  both  acidic  and  basic  groups  (carboxylic,  hydroxyl 

As  we  know,  the  success  of  in  situ  reactive  compatibilization  can  be  determined  by 
the  optimization  of  inlcrfacial  reactions.  Numerous  publications  have  confirmed  that  the 
reaction  speed  of  the  inlcrfacial  reaction  is  very  critical  to  the  compatibilization.  Normally, 

processing,  and  achieve  binary  or  multi-phase  compatibilization  through  strong  interfacial 
adhesion.  As  a result,  determining  the  most  reactive  functional  polymers  to  maximize  the 
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study,  the  reactivities  of  GMA  and  oxazoline  grafted  polyolefins  with  other  nucleophilic 
groups,  including  amine,  carboxylic,  secondary  amine,  and  hydroxyl  group,  in  the  melt  are 
investigated.  The  reasons  for  the  reactivity  study  arc: 

1 . Many  polyesters  (for  example,  PET,  PBT.  liquid  crystalline  polymers)  have  reactive 
carboxylic  and  hydroxyl  end  groups.  If  the  grafted  polyolefins  are  used  in  the 
compatibilization  of  polyestcr/polyolcfin  blends,  the  reactivity  between  grafted  groups  and 
the  end  groups  of  polyesters  could  have  a direct  influence  on  the  compatibilization. 

2.  The  nylon  family  can  have  amine  reactive  end  groups.  For  the  applications  of  the 
grafted  polyolefin  in  the  compatibilization  of  nylon/polyolcfin  blends,  it  is  desirable  to  study 
the  reactivities  of  these  grafted  groups  with  primary  amine  and  secondary  amine  in  order  to 

The  mechanisms  of  these  interfaeial  reactions  are  listed  in  Figure  (3-1).  For  epoxy  and 
oxazoline  grafted  polyolefin,  the  reaction  mechanisms  are  quite  similar.  Both  are  ring-opening 
reactions  which  means  their  electrophilicitics,  hindrance  factors,  and  the  nuclcophilicitics  of 
attacking  groups  should  determine  their  reactivities.  Based  on  the  consideration  of 
clectrophilicily,  both  epoxy  and  oxazoline  groups  can  react  with  secondary  nucleophilic 
groups  like  secondary  amine  or  hydroxyl  generated  in  the  first  reaction  (as  shown  in  Figure 
(3-1)).  As  a result,  one  primary  amine  or  carboxylic  acid  group  might  consume  up  to  two 
epoxy  or  oxazoline  groups.  In  this  study,  the  reactivities  of  epoxy  and  oxazoline  grafted 
polyolefin  will  be  studied  quantitatively  without  any  discrimination  of  the  first  or  secondary 

Three  small  difunctional  molecules  (diacid,  diol  and  diamine)  arc  used  as  model 
compounds  for  polyester  or  nylon.  There  are  two  major  reasons  for  using  sm 


nail  difu 


molecules.  First,  the  concentration  of  these  functional  groups  is  easy  to  accurately  control. 
Secondly,  since  these  difuncliona]  small  molecules  can  function  as  crosslinking  agents  for  the 
epoxy  or  oxaxolinc  grafted  polyolefin,  the  intensity  of  the  reaction  can  be  gauged  by  the 

3.2  Experiment 


1,10-Dccancdiol  (HOCH(CH,),0CHOH);  CORFREE  (HO,C(CH,)10CO,H);  1,12- 
Diaminododccanc  tH,N(CH,)^NH,):  glycidyl  mcthacrylatefGMA)  were  bought  from 
Aldrich  Chemical  Company;  GMA  and  IPOZ  grafted  HDPE  were  home-made  by  solution 
grafting  as  illustrated  in  Chapter  2 with  graft  ratios  at  1.4ft  and  1.2ft.  respectively. 

3.2.2  Procedures 

180°C  and  150"C  for  the  crosslinking  of  GMA  and  IPOZ  grafted  HDPE,  respectively.  The 
roller  blades  were  rotated  at  60  rpm.  The  toique  data  was  acquired  by  computer  interface. 
The  difiinctional  small  molecules  were  mixed  with  grafted  HDPE  in  certain  molar  ratio  before 
being  put  into  the  measuring  head.  FT1R  detecting  was  conducted  by  Magna  IR  spectrometer 
430,  The  sample  film  was  prepared  by  taking  melt  after  determined  time  of  melt  mixing  and 
compression  molding  instantly  into  transparent  film.  The  melt  flow  index  (MFI)  of  the 
crosslinkcd  polymers  were  measured  according  to  ASTM  D 1238.  using  Tinius  Olsen 
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extrusion  plastometcr  after  the  crosslinked  HDPE  was  purified  by  washing  the  polymer  in 

cro5slinked  polymers  were  Soxhlct  solvent  extracted  by  hot  toluene  for  2 days  and  vacuum 
dried  the  left  gel  Thermal  properties  of  crosslinked  grafted  HDPE  were  carried  out  in 
Solomat  DSC  4000.  The  crystallization  temperature  (TJand  melting  temperature  (Tm)  were 
obtained  with  rising  temperature  at  lO'C/min  and  cooling  temperature  rate  at  40"C/min.  The 
thermal  history  was  deleted  by  heating  the  sample  to  180°C  then  cooled  down 
to  40°C.  then  reheated. 

Res«!is..aiid  Analysis 

3,3.1  The  grafting  of  hdpe  with  GMA  and  )PQZ, 

The  dctaU  of  the  solution  grafting  have  been  discussed  in  Chapter  2.  Table  (3-1) 
summarizes  information  about  the  GMA  and  1POZ  grafted  HDPE  used  in  this  study.  The 
graft  ratios  listed  in  Table  (3-1)  were  obtained  from  FTIR  analysis  of  solvent  extracted 
grafted  polyolefin.  The  calibration  curves  were  obtained  by  comparing  the  ratio  of  the 
absorbance  of  the  characteristic  absorption  peak  of  carbonyl  of  GMA  (1753  cm'1),  or  the 
oxazokne  ring  absorption  of  1POZ  (1637  cm'1)  to  the  methyl  group  of  HDPE  ( 1376  cm'1)  as 
illustrated  in  Chapter  2. 

Both  of  the  two  grafted  HDPE  have  higher  T„  and  T,  than  unmodified  HDPE  due  to 
the  presence  of  a small  amount  of  crosslinking  initialed  by  the  peroxide  used  during  the 
grafting.  The  crosslink  restricts  the  chain  mobility  of  grafted  HDPE,  and  makes  them  can  only 
be  molten  at  the  higher  temperature.  In  addition,  a crosslinks  can  act  as  a 
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and  lead  to  the  reduction  in  crystallinity  which  is  demonstrated  by  the  decreasing  of  AH,  for 
both  the  grafted  HDPE.  The  presence  of  crosslink  is  also  continued  by  the  lower  MFI  values 
of  grafted  HDPE  than  the  unmodified  HDPE. 

3.3.2  The  Reactivities  of  Carboxylic  acid  (-COQH).  Amine  (-NH.).  Secondary  amine  (-NRH), 
and  Hvdroxvl  Groups  (-OHI  with  GMA  Grafted  HDPE  (HDPE-e-cpoxv). 

It  is  well  known  that  the  epoxy  group  is  very  reactive  with  amine  or  carboxylic  acid 
group,  this  is  why  diamine  or  anhydride  are  usually  used  as  crosslinking  agents  for  the  epoxy 
resin.  The  crosslinking  can  even  be  carried  out  at  room  temperature.  The  hydroxyl  group  can 

because  of  its  relatively  low  nuclcophilicily.  However,  under  high  temperature  (above  T„  of 
HDPE).  the  reactivity  between  epoxy  and  hydroxyl  could  be  much  higher. 

Table  (3-2)  lists  all  of  the  reactive  groups  involved  in  the  reactivity  study.  Products 
1 to  4 are  assigned  to  represent  the  crosslinkcd  GMA  grafted  HDPE  (HDPE-g-epoxy)  by 
hydroxyl,  secondary  amine,  primary  amine,  and  carboxylic  acid  groups,  respectively,  figure 
(3-2)  is  the  FTIR  spectra  of  products  1 through  4 after  5 mins'  melt  blending  at  180°C  in  the 
Brabender  measuring  head.  The  absorption  peaks  at  911  cm'1  and  848  cth  are  the 
characteristic  peaks  of  epoxy  group.  After  5 min  reaction  with  different  kinds  of  same  molar 
reactive  small  molecules,  the  intensity  of  epoxy  characteristic  peaks  decreases  noticeably  for 
-OH  and  -NRH  groups,  while  almost  completely  disappears  for  -COOH  and  -NH,  group.  It 
can  be  concluded  that  all  of  these  four  groups  can  react  with  epoxy  groups  under  these 

completely  consumed  by -COOH  or  -NH.grou 


ups.  Based  on  the  decreased  ratios  of  the  peak 


sights  of  cpox 


internal  reference  (1467  era'1)  (Table  (3-3)), 


reactivity  sequence  of  these  four  groups  with  the  HDPE-g-epoxy  is  -NH,,  -COOH  > -NRH> 
-OH.  However,  it  is  difficult  to  see  the  difference  in  reactivities  between  -NH,  and  -COOH 
by  simply  comparing  the  peak  heights. 

Figure  (3-3)  is  the  FTIR  spectra  of  mixtures  with  mixing  ratio  ((mole  number  of 
functional  groups)/(molc  number  of  epoxy))  at  0.5,  and  the  mixing  temperature  of  150"C. 
Both  values  are  lower  than  in  the  former  experiment.  Surprisingly,  for  -NH,  and  -COOH 
group,  the  epoxy  peaks  still  disappears  although  the  molar  ratio  is  less  than  1.  On  the  other 
hand,  for  the  -OH  and  -NRH  groups,  the  difference  of  the  intensity  of  epoxy  peaks  for 
products  I and  2 becomes  obvious.  It  appears  that  -NRH  reacts  with  epoxy  group  more 
efficiently  than  -OH  at  the  lower  temperature.  The  reactivities  of  -NH,  and  -COOH  with 
epoxy  group  do  not  seem  to  be  affected  by  the  mixing  temperature,  also,  one  mole  of  -NH, 
or  -COOH  can  effectively  consume  up  to  2 mole  of  epoxy  group.  The  high  efficiency  of 
epoxy  consumption  by  these  two  groups  might  be  due  to  the  secondary  reaction  as  shown  in 
Figure  (3-1).  After  the  first  reactions,  the  produced  secondary  amine  or  hydroxyl  group  still 
has  certain  reactivity  with  epoxy  group,  and  the  new  generated  groups  keep  on  consuming 
the  epoxy  groups  afterwards. 

Figure  (3-4)  shows  the  torque-time  relationships  for  the  reactions  of  HDPE-g-epoxy 
with  diacid,  diamine  (primary  and  secondary),  and  diol.  In  the  case  of  noncrosslinkcd  HDPE- 

material  is  heated  by  shear  and  conduction,  it  softens  and  the  torque  falls.  The  torque  then 
levels  off  to  a nearly  constant  value  for  the  remainder  of  the  mixing  time.  In  the  cases  of - 
NRH  and  -OH,  affer  the  mixer  is  molten,  the  torque  values  initially  decrease,  then  increase 


for  these  two  groups,  the  final 


torque  values  and  the  time  needed  to  achieve  there  (tl)  are  different.  This  indicates  that  their 
reaction  speed  and  reaction  extent  are  different.  It  seems  that  -NRH  has  a higher  reaction 
speed  and  extent  than  -OH.  In  the  eases  of  -NH2  and  -COOH,  the  torque  continues  to  rise 
without  dropping  after  the  feeding  is  completed.  This  is  caused  by  the  extensive  crosslinking 
reaction,  which  increases  the  molecular  weights  of  the  polymers  dramatically  in  a very  short 
time.  The  torque  value  increase  to  a final  constant  value,  which  is  much  higher  than  values 
observed  for  the  uncrosslinkcd  HDPE-g-epoxy  or  other  two  crosslinked  HDPE-g-epoxy 
sample.  Also,  the  high  reactivities  of  these  two  groups  are  demonstrated  by  shorter  torque 
increasing  time  (tl)  than  those  of  the  other  two  groups.  Based  on  the  above  torque 
measurement  analysis,  it  can  he  concluded  that  the  reactivity  sequences  of  these  four  groups 
is:  -NH„  -COOH  > -NRH  > -OH.  For  -Nfcl  and  -COOH  crosslinked  HDPE,  they  reach 
similar  final  torque  values  with  different  rales.  -NH,  crosslinked  HDPE  can  reach  the  final 
torque  value  within  3 min.  while  -COOH  crosslinked  HDPE  keeps  a constantly  increasing 
torque  value  until  7 min  of  mixing.  However,  this  docs  not  mean  the  reactivity  of  amine  with 
HDPE-g-epoxy  is  higher  than  carboxylic  acid  because  the  secondary  reaction  between  the 
new  generated  hydroxyl  or  secondary  amine  with  epoxy  must  have  participated  in  the 
crosslinking.  The  delay  of  increasing  of  torque  values  for  -COOH  may  he  due  to  the  lower 
reactivity  of -OH  group  in  the  second  reaction  than  that  of  -NRH  (secondary  amine).  As  a 
result,  if  we  define  the  reactivity  of  primary  amine  or  carboxylic  acid  based  on  the 
combination  of  first  and  secondary  reactions,  obviously,  primary  amine  has  higher  reactivity 
than  carboxylic  acid  with  HDPE-g-epoxy.  However,  if  the  reactivity  is  defined  based  on  the 
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The  increase  of  molecular  weight  of  HDPE  caused  by  the  crosslinking  can  also  be 
observed  by  a decrease  in  the  melt  flow  index  or  by  a increased  amount  of  the  crosslinked 
HDPE  gel  after  solvent  extraction.  Table  (3-4)  shows  that  the  products  from  the  reactions  of 
-COOH  and  -NH,  with  HDPE-g-epoxy  (product  4 and  3)  have  MFI  values  much  lower  than 
those  of -OH,  and  -NRH  crosslinked  HDPE  (product  1 and  2).  On  the  other  hand,  the  gel 
amount  of  products  3 and  4 ore  much  higher  than  those  of  product  1 and  2.  This  confirms  that 
the  increased  molecular  weight  resulting  from  crosslinking  of  HDPE-g-cpoxy  by  -NH,  and 
-COOH  arc  much  higher  than  those  by  -OH  and  -NRH.  From  the  point  view  of  MFI  and  gel 
amount  values,  the  extent  of  crosslinking  of  HDPE-g-cpoxy  increases  in  this  order: 
-COOH,  -NH,  > -NRH,  -OH.  This  is  in  agreement  with  the  observation  of  the  FT1R  and 
torque-time  profile  as  illustrated  before. 

Thermal  properties  such  as  crystallization  temperature  (Tt)  and  crystallinity  of  the 
HDPE-g-cpoxy  are  expected  to  change  after  crosslinking  with  these  four  reactive  groups.  In 
this  study,  differential  scanning  calorimetry  (DSC)  is  used  for  the  thermal  analysis  of  the 
crosslinked  HDPE.  The  thermograms  of  pure  grafted  HDPE  and  crosslinked  HDPE  are 
shown  in  Figure  (3-5)  and  the  T,  and  AH  values  are  listed  in  Table  (3-5).  The  crosslink 
caused  by  hydroxyl  and  secondary  amine  groups  (product  1 and  product  2)  have  certain 
effects  on  the  crystallinity  without  any  obvious  shift  of  Te  to  lower  temperature.  The 
constancy  of  T,  suggests  no  reduction  in  the  crystallite  size,  while  the  decreasing  of  AH 
indicates  the  crystallinity  of  the  samples  is  reduced  after  crosslinking  since  crosslinks  act  as 
local  defects  [61].  For  primary  amine  and  carboxylic  acid  (product  3 and  4) 
forming  crosslinks  on  the  crystallization  behavior  of  grafted  HDPE  are  more 
T,and  AHt  are  depressed  dramatically  in  contrast  to  the  pure  HDPE-g-epox> 


),  the  effect  of 


or  for  products  3 and 
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products.  In  this  case,  there  is  some  differences  of  crystallization  behav 
4.  The  Te  of  product  3 (primary  amine  crosslinkcd  HDPE)  is  lower  than  that  of  product  4 
(carboxylic  acid  crosslinkcd  HDPE).  and  the  crystallinity  of  product  3 is  higher  than  that  of 
product  4.  However,  it  is  still  difficult  to  judge  the  relative  reactivity  of  primary  amine  and 
carboxylic  acid  group  based  on  the  overall  consideration  of  Tc  and  AH_. 

Based  on  the  Tc  and  AH,  comparison  in  Table  (3-5),  the  reactivity  sequence  of  these 

result  from  FT1R . MFI  and  torque  measurement. 

3.3.3  The  Reactivity  Carboxylic  Acid  (-COOH).  Amine  (-NH,).  Secondary  Amine  (-NRH) 


The  reaction  mechanisms  of  oxazolinc  with  these  four  groups  arc  shown  in  Figure  (3- 
1 ).  Similar  to  the  reaction  mechanism  of  epoxy,  they  are  the  ring  opening  reactions  with  the 
formation  of  an  amide  group.  Based  on  this  reaction  mechanism,  the  consumption  of  an 
oxazolinc  ring  and  formation  of  an  amide  group  after  reaction  could  be  detected  by  FT1R 
spectra  by  monitoring  the  characteristic  peak  of  oxazolinc  ring  (1658  cm'1)  and  amide  group 
(1668  cm'1).  Figure  (3-6)  shows  the  FTIR  spectra  of  the  reaction  products  of  oxazolinc 
grafted  HDPE  with  these  four  reactive  groups  and  the  spectrum  of  the  pure  HDPE-g- 
oxazoline.  In  -NRH  case,  the  generated  amide  group  hits  wry  weak  absorption  (Figure  (3-6)), 
but  it  becomes  more  and  more  obvious  along  with  the  sequence  of  -NRH,  -OH,  -NH;  and  - 
COOH.  For  -COOH  case,  the  amide  absorption  peak  is  so  strong  that  the  absorption  of  the 
original  oxazolinc  ring  is  overlapped.  It  seems  that  the  reactivity  of  -COOH  with  HDPE-g- 
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reacting  mixture  of  HDPE-g-oxazoKncAiiacid  became  a brown  powder  after  1 2 min  of  mixing 
indicating  extremely  high  crosslinking  density.  The  high  reactivity  of  -COOH  with  oxazolinc 
group  has  been  well  known  for  a long  time.  Its  typical  application  of  this  is  using 
bisoxazolincs  as  chain  extenders  for  polyesters  such  as  PET  and  PBT  by  reaction  with  their 
carboxylic  acid  end  groups  (62).  Unfortunately,  the  reactivity  between  -NH,  and  oxazoline 
has  not  been  well  studied,  although  it  has  been  recently  used  in  the  compatibilization  of 
oxazoline  grafted  poly(styrenc-co-acrylonitrile)  (SAN)/nylon  6 blends  (63).  Based  on  the 
FTIR  spectra  in  this  study,  the  reactivity  of  amine  with  HDPE-g-oxazoline  is  relatively  lower 

torque  measurements  illustrated  later.  Few  publications  hove  reported  the  different  reactivities 
of  amine  and  carboxylic  acid  groups  with  oxazolinc  group.  Fradct  (64).  in  his  recent 

oxazoline,  with  amine  and  carboxylic  acid.  He  concluded  that  both  groups  can  react  very 
efficiently  with  oxazolonc  group  and  the  reaction  can  even  be  earned  out  at  room  temperature 

oxazolonc  were  observed  in  Fradet's  study.  In  the  case  of  oxazoline,  the  clectrophiliciiy  of 

NH,  group  could  only  be  completed  in  the  high  temperature  according  to  our  observation. 
Asa  result,  it  is  quite  possible  that  the  difference  of  reactivities  for  these  two  groups  would 

reactivity  difference,  and  till  now  still  no  clear  explanation  for  that  based  on  nucleophilicity 
of  amine  or  carboxylic  and  clccirophilicity  of  oxazoline.  Solely  according  to  the  FTIR  results, 
the  approximate  reactivity  sequences  is  -COOH  » -NH,  > -OH  > -NRH. 
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Figure  (3-7)  shows  Ihe  torque-time  relationships  for  the  crosslinking  of  HDPE-g- 
oxazolinc  by  those  four  reactive  groups.  Both  -NRH  and  -OH  group  can  form  a certain 
amount  of  crosslink  with  oxazoline,  but  the  final  torque  values  are  not  much  higher  than  that 

oxazolines.  Compared  with  -NRH  crosslinked  HOPE  (product  T),  -OH  group  seems  to  be 
more  reactive  based  on  the  higher  final  torque  of  crosslinked  HOPE  (product  1').  This  result 
is  in  agreement  with  the  results  of  FTIR,  The  high  reactivity  of  oxazoline  with  -COOH  group 
is  also  confirmed  by  the  extremely  high  final  torque  value  of  product  3'.  The  torque  value 
keeps  increasing  until  9 min  of  mixing.  As  a comparison,  the  final  torque  values  of  -NH,  arc 
much  lower  than  that  of -COOH,  but  higher  than  those  of -OH  and  -NRH.  Interestingly,  - 
COOH  group  can  achieve  complete  crosslinking  with  higher  final  torques  but  in  a longer 
period  of  tl  time  than  -NH,  group.  This  could  be  attributed  to  the  secondary  reaction  as 
shown  in  Figure  (3- 1 ).  Since  -COOH  has  higher  reactivity  with  oxazoline,  the  high  reaction 
probability  generates  a large  amount  of  amino  structure,  which  still  has  certain  reactivity  with 
oxazoline.  The  high  concentration  of  amino  group  keeps  reacting  with  oxazoline  within  a 

Similar  to  the  reactivity  study  of  epoxy,  the  molecular  weight  increase  of  the 
crosslinked  products  is  confirmed  by  a decrease  in  the  MF1  or  by  a increase  of  gel  amount 
after  solvent  extraction  (Table  (3-6)).  For  diacid  crosslinked  HDPE  (product  4*).  the 
crosslinking  density  is  so  high  that  it  could  not  be  molten  in  MFI  measurement.  For  product 
3',  although  it  shows  much  less  gel  amount  and  high  MFI  than  product  4',  its  crosslinking 
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density  is  much  higher  than  diol  and  secondary  diamine  crosslinkcd  HDPE  (product  2'  and 

Overall,  the  reactivity  sequences  from  the  study  of  MF1  and  torque  measurements  is 
-COOH  > -NHj  > -NRH,  -OH.  which  still  fits  well  with  the  results  from  FT1R. 

Figure  (3-8)  is  the  DSC  measurement  of  the  four  crosslinkcd  HDPE  along  with  the 
pure  HDPE-g-oxazoline.  T,  and  AH,  values  are  listed  in  Table  (3-7).  It  is  interesting  that  the 
crosslinking  caused  by  secondary  amine  group  has  no  direct  effect  on  the  crystallinity  but  shift 
T,  to  higher  temperature.  In  general,  crosslinks  act  as  local  defects  and  reduce  the  total 
crystallinity.  However,  it  was  reported  that  a few  crosslinks  often  improve  the  packing  of 
polymer  chains  into  a crystalline  structure  since  they  properly  restrict  the  flow  of  melt  [65). 
The  behavior  described  above  could  be  attributed  to  that.  Diol  crosslinkcd  HDPE  has  both 
low  AH,  and  T,  which  means  the  reactivity  of  -OH  with  HDPE-g-oxazoline  is  higher  than 
-NRH.  The  differences  of  thermal  properties  of  the  product  3'  (amine  crosslinkcd  HDPE)  and 
product  4'  (carboxylic  acid  crosshnked  HDPE)  arc  very  obvious  in  this  case.  The  higher 
reactivity  of  -COOH  with  HDPE-g-oxazoline  makes  the  crystallinity  and  T,  of  product  4' 
much  lower  than  those  of  product  3'.  As  a conclusion,  the  reactivity  consequence  for  the  four 
groups  based  on  DSC  study  is : -COOH  > -NH,  > -OH  > -NRH.  which  fits  well  with  the 

3.3-4  The  Reactivities  of  Epoxy  Grafted  HDPE  (HDPE-e-cnoxv)  and  Oxazoline  Grafted 
HDPE  (HPPE-g-osaiwlmc)  with  .Carboxylic  Acid  1-CQQH).  Amine  (-NH,),  Secondary 
Amine  (-NRH).  or  Hydroxyl  (-OH)  Groups 

Since  the  two  grafted  HDPE  used  in  this  study  have  similar  graft  ratios  (1 .2%.  1 .4%) 
and  other  physical  properties  ( AH„  T,  and  crosslinking  density),  the  reac 


ctivityofHDPE-g- 


oxazolinc  and  HDPE-gi 
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e,  and  hydroxyl  groups  could  be  studied 


transversely.  Based  on  the  two  sets  of  data,  (Figure  (3-4)  and  (3-7),  Table  (3-4)  and  (3-6)), 
HDPE-g-oxazoline  seems  to  be  as  reactive  as  HDPE-g-cpoxy  with  -COOH  group,  while 
HDPE-g-cpoxy  is  definitely  more  reactive  than  HDPE-g-oxazoline  with  -NH,  group.  For  - 
NRH  groups.  HDPE-g-epoxy  has  higher  reactivity  with  it  than  HDPE-g-oxazoline,  while  for 
-OH  groups,  their  reactivities  arc  quite  similar. 

This  information  is  very  important  in  helping  to  choose  proper  functional  polymers 
for  the  compafibilization  of  polymer  blends.  Currently,  many  of  the  reactive  compalibilizations 
arc  based  on  the  interfacial  reaction  between  the  polymer  end  groups  and  functional  polymers 
with  cither  oxazolinc  or  epoxy  reactive  groups.  According  to  our  previous  study  in  Chapter 
2.  oxazolinc  functionalized  polymer  could  only  be  synthesized  by  solution  grafting  or  solution 
copolyracrization  process  which  are  usually  much  more  costly  than  epoxy  functionalized 
polymer  synthesized  by  melt  grafting  as  will  be  illustrated  in  Chapter  4,  Based  on  both 
economics  and  reactivity  consideration,  epoxy  grafted  polyolefin  should  be  the  better  choice 
for  the  compafibilization . 


In  this  part  of  study,  the  reactivities  of  epoxy  and  oxazolinc  grafted  HDPE  with  amine, 
carboxylic  acid,  secondary  amine,  and  hydroxyl  groups  in  the  melt  were  studied.  The 


I.  Epoxy  and  oxazoline  grafted  HDPE  have  certain  reactivity  with  both  acidic 


xylic,  and  hydroxyl  groups)  and  basic  groups  (primary  i 


and  secondary : 
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2.  Based  on  the  FTIR,  MFI  and  DSC  studies  of  small  molecule  model,  the  reactivity 
sequence  of  the  functional  groups  with  HDPE-g-epoxy  is  -NH„  -COOH  > -NRH  > -OH. 
There  is  still  no  enough  evidence  to  show  the  reactivity  difference  between  primary  amine  and 
carboxylic  acid. 

3.  By  using  the  same  characterization  techniques,  the  reactivity  sequence  of  the 
functional  groups  with  HDPE-g-oxazoline  was  found  to  be  -COOH  » -NHj  > -OH  > - 
NRH.  Oxazolinc  is  far  more  reactive  with  carboxylic  acid  than  with  primary  amine  in  this 

4.  The  reactivity  sequence  of  HDPE-g-cpoxy  and  HDPE-g-oxazolinc  with  carboxylic 
acid  group  is:  HDPE-g-epoxy  « HDPE-g-oxazoline;  With  primary  amine  group  is:  HDPE-g- 
cpoxy  » HDPE-g-oxazolinc;  With  secondary  amine  group  is:  HDPE-g-epoxy  > HDPE-g- 
oxazolinc;  With  hydroxyl  group  is:  HDPE-g-cpoxy  = HDPE-g-oxazoline. 

5.  Due  to  the  close  overall  reactivities  of  HDPE-g-cpoxy  and  HDPE-g-oxazolinc  and 
the  difficulties  of  synthesizing  HDPE-g-oxazoline,  epoxy  grafted  polyolefin  should  be  the 
better  choice  for  the  applications  in  polymers  compatibilization. 
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Figure  (3-4).  Profiles  of  lorque  vs.  time  during  the  crosslinking  of  HDPE-g-cpoxy.  tl 
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Figure  (3-5).  DSC  spectra  of  the  t 
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Figure  (3-7).  Profiles  of  torque  versus  lime  during  the  crossslinking  of  HDPE-g-c 
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Figure  (3-8).  DSCspeclra  of  ihe  crosslinkcd  HDPE-g-o*a?.oline. 
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Table  (3-1).  The  comparisons  of  grafted  HDPE  with  pure  HDPE. 


Comparisons  Un 

Graft  rath)  (%)  

T.fC) 

T.  (°C) 

AH,  (kJ/kg>  _ 
MR  (g/ 10  min) 
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Tabic  (3-2).  The  reaction  groups  of  the  crosslinking  of  grafted  HDPE. 


ell  flow  indices  (MF1)  and  gel  amount  of  the  crosslinkcd  HDPE-g-ep 
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Tabic  (3-5).  DSC  resulls  for  Ihc  crosslinkcd  HDPE-g-cpoxy. 


AH,(kJ/kg) 

185.1 

181.2 

164.3 
46.7 
52.1 


I of  Ihc  crosslinkcd  HI 
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Tabic  (3-7).  DSC  results  for  the  crosslinkcd  HDPE-g-oxazoline. 


Pure  HDPE-g-epoxy 


T,ro 

114.3 

116.8 


08.3 

04.8 


AH,  (kJ/kg) 


143.2 

170.6 


CHAPTER  4 

THE  MELT  GRAFTING  OF  LLDPE,  HDPE,  AND  PP  BY  GMA  MONOMER  IN 
REACTIVE  TWIN-SCREW  EXTRUDER 


Chapter  2 reports  that  polyolefins  can  be  grafted  with  maleic  anhydride  (MA),  glycidyl 
methacrylate  (GMA),  and  2-isopropenyl-2-oxa»)line  (IPOZ)  monomers  by  solid-state,  melt, 
and  solution  grafting  techniques.  Based  on  the  comparison  of  these  three  grafting  methods, 
it  was  concluded  that  melt  grafting  has  the  advantages  of  short  processing  time,  relatively  high 
graft  ratio  (GR)  and  graft  efficiency  (GE).  Chapter  3 compares  the  reactivities  of  GMA  and 
IPOZ  grafted  HDPE  and  concluded  that  epoxy  group  has  equal  or  higher  reactivity  than 

extrusion  is  employed  to  carry  out  the  melt  grafting  of  polypropylene  (PP),  low  density  linear 
polyethylene  (LLDPE).  and  high  density  polyethylene  (HDPE)  with  GMA  monomer.  There 
are  several  advantages  for  applying  twin-screw  extrusion  in  melt  grafting.  First,  it  is  a 
continuous  process  which  could  have  high  output;  secondly,  it  has  a higher  shear  rale  than 
the  batch  mixer  which  could  provide  better  dispersion  of  monomer  and  peroxide,  a higher 
graft  ratio,  and  improved  graft  efficiency.  The  melt  grafting  of  PP  by  MA  with  twin-screw 
extrusion  has  been  extensively  reported  (67-72],  however  few  publication  over  grafting 
polyolefins  with  GMA  in  twin  screw  extruder.  Although  in  the  study  of  Chapter  2,  some 
initial  results  were  drawn  about  the  melt  grafting  of  HDPE  by  GMA  and  other  two  monomers 
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in  a batch  mixer.  The  melt  grafting  during  twin-screw  extrusion  would  be  much  more 
complicated  and  the  study  of  this  chapter  will  not  be  solely  based  on  the  results  from  Chapter 
2.  In  this  part  of  study,  the  effects  of  reaction  temperature,  screw  speed,  initiator 
concentration,  and  the  amount  of  GMA  on  the  percentage  of  grafting  arc  studied  in  detail. 
The  influence  of  the  grafting  procedures  on  gel  content,  the  upgrading  of  graft  ratio  by 
comonomer  technique  are  also  investigated. 


The  materials  used  in  this  part  of  study  are  listed  in  Table  (4- 1 ) below. 


The  selection  of  initiators  is  based  on  the  requirement  that  the  half-life  of  the  initiator 


76 

needed  for  melt  grafting  should  correspond  to  the  residence  time  of  the  cumulates. 
4.2.2  Grafting 

The  grafting  of  all  three  polymers  was  carried  out  in  the  same  Brabender  batch 
used  in  Chapter  2 or  in  an  APV  reactive  twin-screw  extruder  with  L/D  = 39  (as  sho 
Figure  (4-1)).  The  polymers  were  fed  at  80  to  120  g/min  into  the  hopper, 
monomer/pcroxidc  solution  was  injected  into  the  twin-screw  extruder  from  the  in) 

The  grafting  in  study  of  section  4.3.2  is  completed  in  a Brabender  batch  mixe 
in  the  study  of  Chapter  2.  The  RPM  was  kept  at  60;  temperature  was  180C;  reaclio 
was  20  mins. 

The  grafting  in  the  study  of  Section  4,3.3  is  completed  in  the  APV  reactive  twin- 

Thc  polymer/monomer/pcroxidc  weight  ratio:  100/6/0.6; 

RPM  of  screw  rotation:  100;  Temperature:  I80°C; 

Residence  time  (measured  by  dye  detecting  method):  1.5  min. 

The  grafting  in  the  study  of  Section  4,3.4  is  completed  in  the  same  reactive  twin- 

The  monomer/pcroxidc  weight  ratio:  7/1.5  to  6/0.6. 

The  monomer/pcroxidc  pumping  rate:  2.8  g/min  to  6.0  g/min. 

RPM  of  screw  rotation:  100  to  200. 

Temperature:  I80"C  to  22IPC. 


I by  dye  detect 


4.2.3  Analysis 


In  order  lo  evaluate  the  peroxide  induced  crosslinking  density  of  polymer,  the  gel 
content  was  determined  by  placing  the  crude  sample  in  Soxhlet  extractor  for  24  h with 
refluxing  toluene.  The  dissolved  grafted  polymer  was  then  precipitated  in  methanol,  and  dried 
under  reduced  pressure  at  5ffC  for  24  h.  The  content  of  carbon,  hydrogen,  and  oxygen  in  the 
dried  polymer  were  analyzed  by  an  elemental  analyzer.  The  content  of  oxygen  could  be 
related  to  the  amount  of  GMA  grafted.  FTIR  spectra  was  obtained  to  detect  the  graft  ratios 
as  illustrated  in  Chapter  2 and  3 and  Appendix  B. 

4.?  Hfflilli  and  Analysis 

4.3. 1 FTIR  Calibration  Curves  for  the  Detection  otGrafLRati.0 

The  FTIR  spectra  of  the  purified  grafted  LLDPE,  HDPE,  and  PP  arc  shown  in  Figure 
(4-3).  The  characteristic  peaks  arc  indicated.  The  absorption  peaks  at  1731.5  cm'1  (carbonyl 
characteristic  peak)  clearly  demonstrates  the  presence  of  the  grafted  GMA  structure  on  the 
backbones  of  these  three  polyolefins.  The  percentage  of  grafting  is  estimated  by  comparing 
the  absorbance  of  the  carbonyl  group  of  the  grafted  GMA  to  the  mediyl  group  of  PE  or  PP 
(1376  cm  ').  The  absolute  percentage  of  grafting  can  be  determined  by  oxygen  analysis. 
Combining  the  results  of  element  analysis  and  FTIR  absorbance  ratio  constructs  the 
calibration  curves  shown  in  Figure  (4-2). 


iajor  function  of  initiator  is  abslracling  hydrogc 


from  the  backbone  of  polyolefin  and  form  macroradicals  which  can  let  monomers  graft  on. 
A different  initiator  has  a different  hydrogen  abstracting  ability,  as  a result,  it  has  a different 
effect  on  the  final  graft  ratio  (GR)  of  the  grafted  polyolefins.  Table  (4-2)  lists  the  graft  ratio 
(GR)  and  melt  flow  index  (MFI)  values  for  the  three  GMA  grafted  polyolefins  by  applying 
four  different  initiators:  dicumyl  peroxide  (DCP),  2,5-dimethyl-2,5-di(l-butylperoxyI)hexane 
(DDPH),  di-L-butyl  peroxide  (DB),  and  2,2'-azobis  (isobutyronitrile)  (AIBN).  With  the 
exception  of  AIBN,  which  is  a nitrile  type  of  initiator,  all  of  the  other  three  are  poroxided  type 

For  LLDPE.  all  of  the  four  listed  initiators  can  graft  monomer  onto  its  backbone.  The 
hydrogen  abstraction  by  the  initiators  also  generates  some  crosslinks  which  is  indicated  by  the 
decreasing  MFI  values.  In  this  case,  DDPH  and  DCP  can  most  effectively  initiate  the  grafting 
with  satisfactory  graft  ratio  and  medium  crosslinking.  Compared  with  DDPH  and  DCP,  AIBN 
is  relatively  weak  in  hydrogen  abstraction  which  is  indicated  by  its  low  GR  and  high  MFI.  DB 
is  not  a strong  initiator  for  grafting  cither,  however,  it  generates  the  highest  crosslinking 
density  for  some  undetermined  reasons. 

Compared  with  the  grafting  of  LLDPE,  the  grafting  of  HDPE  seems  more  difficult  to 
initiate.  Both  DCP  and  DB  fail  to  initiate  any  grafting,  only  DDPH  results  in  a graft  ratio. 
However,  all  of  the  four  initiators  could  generate  crosslinks  in  HDPE  although  most  could 
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The  grafting  of  PP  results  in  much  higher  MF1  values  compared  with  either  LLDPE 
or  HOPE.  The  high  MH  values  of  the  grafted  PP  indicates  that  all  four  initiators  induce 
severe  thermal  degradation.  Similar  to  HDPE,  PP  is  very  difficult  to  be  grafted  whose  GR 
values  arc  much  lower  than  those  of  LLDPE.  This  similarity  between  HDPE  and  PP  could 
be  due  to  their  high  crystallinity,  as  we  know,  most  grafting  is  supposed  to  take  place  only 
in  the  amorphous  phase. 

In  conclusion,  both  DCP  and  DDPH  arc  useful  in  grafting  GMA  onto  LLDPE. 
however,  for  HDPE  and  PP,  DDPH  is  the  only  initiator  to  initiate  grafting  with  satisfactory 
graft  ratio.  Among  the  four  initiators,  DDPH  is  the  only  effective  initiator  for  the  grafting  of 
all  three  polyolefins.  Unfortunately,  the  thermal  degradation  and  crosslinking  caused  by 
DDPH  is  a potential  problem  for  the  GMA  grafted  polyolefins  applied  in  the  compatibilization 
of  polymer  blends.  Further  investigation  is  discussed  later  in  this  chapter  and  in  Chapter  5. 

4.3.3  The  Different  Types  of  Grafting  Procedures 

A usable  grafting  method  requires  initiators  capable  of  abstracting  hydrogen  from  the 
polyolefin  to  form  reactive  sites.  Therefore,  crosslinking  and  degradation,  a decrease  or 
increase  of  the  melt  indcs  respectively,  could  also  occur. 

added.  However,  as  illustrated  in  Chapter  2,  less  initiator  generates  less  amount  of 
macroradicals  and  consequently,  results  in  lower  graft  ratio  or  graft  efficiency.  Obviously, 
decreasing  the  initiator  content  is  not  a ideal  way  to  control  crosslinking  or  degradation.  An 
alternative  way  to  suppress  crosslinking  and  degradation  while  achieving  a high  graft  ratio  is 
to  keep  the  overall  feeding  composition  constant,  but  change  the  types  of  grafting  procedure 


in  twin-screw  extruder.  In  this  study,  three  kinds  of  processing  procedures  as  shown  in  Figure 
(4-4)  are  tried. 

The  selection  of  proper  processing  procedures  should  be  based  on  analyzing  the 
grafting  mechanisms.  The  mechanism  for  melt  grafting  is  very  complicated  and  still  not  quite 
clear.  Figure  (4-5)  lists  all  the  possible  reactions  which  could  occur  during  the  grafting 
reaction.  Similar  to  the  mechanisms  analyzed  in  Chapter  2,  first,  the  initiator  decomposes  and 
generates  a primary  RO  - radical  which  abstracts  a hydrogen  atom  from  the  polymer  chains 
(reaction  (2)).  The  generated  P-  macroradicals  will  either  undergo  crosslinking  (for  PE)  or 
degradation  (for  PP).  At  the  same  time,  the  monomer  can  also  be  grafted  onto  the 
macroradicals  and  form  the  grafting  structure.  Besides  these  reactions,  another  major  reaction 
is  homopolymerization  of  the  GMA  monomer.  The  radical  of  the  GMA  homopolymer  can 
also  rccouple  with  the  grafted  macroradical  and  extend  the  grafted  chain.  As  a result,  there 
are  three  major  reactions  taking  place:  crosslinking  (or  degradation  for  PP), 
homopolymerization  of  monomer,  and  grafting. 

Whether  these  reactions  take  place  in  sequence  or  simultaneously  is  dependent  on 
the  grafting  procedure.  For  process  2 in  Figure  (4-4),  the  crosslinking  density  and  degradation 
rate  are  considerably  high  for  PE  and  PP  respectively  based  on  the  MFI  values  shown  in  Table 
(4-3).  This  phenomena  could  be  due  to  the  premixing  of  polymer  with  peroxide  which  makes 
reaction  (1)  to  (4)  (Figure  (4-5))  dominant  before  any  monomer  contacts  with  the  radicals. 
The  favored  crosslinking  and  degradation  also  consume  most  of  the  reactive  sites  on  polymer 
backbone  making  it  hard  for  the  monomer  to  be  grafted  onto.  This  could  be  the  reason  for 
the  low  graft  ratios  of  the  three  polymers  processed  by  this  procedure.  For  process  1 in  Figure 
(4-4),  the  polymer  is  molten  before  contacting  any  peroxide  therefore  avoiding  any 
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crosslinking  or  degradation  during  the  melting.  Once  the  molten  polymer  is  mixed  with 
peroxide  and  monomer,  the  P-  macroradical  will  be  consumed  by  both  monomer  and  radicals 
of  monomer  (reaction  (5).  (6)  and  (8))  which  decrease  the  chances  of  crosslinking  or 
degradation  (reaction  (3)  and  (4)).  This  may  explain  the  high  graft  ratio  of  polymers 
processed  by  process  1 . For  process  3 in  Figure  (4-4).  all  of  the  possible  reactions  take  place 
simultaneously  (reaction  (1)  to  (8))  and  the  crosslinking  (or  degradation)  compete  with 
grafting  during  the  melting  of  the  polyolefins . Thus,  the  degree  of  crosslinking,  degradation, 
and  the  graft  ratio  arc  between  the  process  1 and  process  2.  Based  on  above  analysis,  the 
process  1 should  be  the  optimal  procedure  for  the  highest  graft  ratio  and  lowest  degree  of 
crosslinking  or  degradation. 

4.3.5  The  Influence  of  Extrusion  Parameters  and  Compositions  on  the  Graft  Ratio  (GR). 

The  data  in  Table  (4-4)  shows  that  a higher  reaction  temperature  results  in  a higher 
graft  ratio.  This  is  attributed  to  the  fact  that  the  higher  temperature  can  shorten  the  reaction 
lime  and  the  half-life  of  initiator.  A high  initiator  concentration  during  high  temperature 
processing  generates  more  reactive  sites  on  polymer  backbone,  which  also  increases  the  graft 
ratio.  However,  similar  to  the  batch  mixer  results  illustrated  in  Chapter  2,  the  high  processing 
temperature  and  peroxide  concentration  could  result  in  a high  degree  of  crosslinking  and 
degradation  as  shown  by  the  MFI  values. 

The  influence  of  screw  speed  on  the  graft  ratio  is  opposite  to  the  influence  of 
temperature.  Although  high  shear  rate  could  bring  in  better  dispersity  of  monomer  and 
initiator  into  the  molten  polymer,  the  residence  time  of  reactants  in  the  twin-screw  extruder 
shortens  when  the  screw  speed  increases.  This  indicates  that  relatively  lower  screw  speed  will 
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provide  longer  grafting  time  resulting  in  higher  graft  ratio. 

Although  the  graft  ratio  could  be  improved  by  employing  proper  grafting  procedures 
and  extrusion  parameters,  the  grafted  polymers  still  suffer  from  crosslinking  or  degradation, 
as  shown  in  Table  (4-3)  and  Table  (4-4).  Additional  difficulty  also  arises  from  the  competition 
between  monomer  grafting  and  homopolymerization  (Figure  (4-5)  reaction  5 and  7),  and  the 
limited  solubility  of  monomers  in  the  polyolefin  melts  [731-Thcse  detrimental  factors  could 
be  attributed  to  the  low  graft  ratios  of  the  grafted  polyolefins,  especially  polypropylene. 
However,  if  somehow  the  graft  initiation  step  (reaction  5 in  Figure  (4-5))  could  be  accelerated 
and  consume  most  of  the  P*.  crosslinking,  degradation,  and  homopolymerization  (reaction  3, 
4.  and  7 in  Figure  (4-5))  would  be  suppressed. 

The  comonomer  technique  was  first  proposed  by  Hu  er  at.  [74]  in  the  melt  grafting 
of  PP  with  maleic  anhydride  (MA).  It  was  reported  that  the  free  radical  reactivity  of  M A can 
be  substantially  enhanced  and  the  degradation  can  be  reduced  by  the  addition  of  an  clectron- 

for  the  grafting  of  MA  onto  PP  and  found  that  the  graft  ratio  of  MA  could  also  be  enhanced. 
They  also  reported  that  the  extent  of  chain  scission  of  PP  is  less  severe  as  indicated  by  the 
increased  molecular  weight  of  the  grafted  materials  upon  the  addition  of  styrene.  The  exact 
mechanism  of  this  synergistic  effect  is,  however,  still  unclear.  It  is  the  intent  of  the  study  of 
this  section  to  examine  how  the  graft  ratios  of  GMA  grafted  LLDPE,  HDPE,  and  PP  are 


affected  by  the  addition  of  styren 
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The  effect  of  adding  styrene  as  a comonomer  for  the  grafting  of  GMA  onto  the  three 
polymers  is  shown  in  Figure  (4-6  a).  The  graft  ratios  for  all  three  polymers  are  much  higher 
in  the  presence  of  styrene.  Based  on  overall  considerations,  the  explanation  for  this 
phenomena  might  lie  in  three  factors.  First,  it  is  believed  that  the  polymer  macroradical  reacts 
preferentially  with  styrene  monomer  to  form  a more  stable  styryl  macroradical,  which  then 
reacts  with  GMA  in  a chain  propagation  step.  The  higher  reactivity  of  styrene  towaids  the 
macroradical  is  primarily  due  to  the  conjugated  double  bond  of  styrene.  Secondly,  styrene  and 
GMA  may  form  a so  called  charge  transfer  complex  (CTQ  [74),  which  is  believed  to  be  more 
reactive  than  MA  alone  towards  the  PP  macroradicalThe  CTC  structure  is  shown  below  in 
Figure  (4-7). 


The  third  factor  which  might  contribute  to  the  improvement  of  the  graft  ratio  is  the 
higher  solubility  of  polyolefins  in  styrene  than  in  GMA.  Solubility  tests  reveal  that  LLDPE, 
HDPE,  and  PP  pellets  dissolve  readily  in  refluxing  styrene  while  remaining  insoluble  in  GMA 
at  140°C  after  20  minutes.  This  enhanced  solubility  of  polyolefins  allows  for  more  intimate 


'c— c' 


Figure  (4-7).  Charge  transfer  complex  (CTC). 
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suitable  for  grafting.  According  to  Dhal  el  al.  [761,  the  reactivity  ratios  of  GMA  and  styrene 
are  0.78  and  0.29  respectively  at  60”C.  If  graft  initiation  occurs  with  the  addition  of  styrene, 
the  propagation  of  grafting  should  occur  preferentially  with  the  addition  of  GMA,  based  on 
the  reactivity  ratios.  As  a result,  the  major  grafted  monomer  is  still  GMA,  although  styrene 
is  grafted  first. 

amount  of  crosslinking  or  degradation  during  grafting.  Hu  and  Lamhla  [73]  reported  high 
molecular  weights  for  MA  grafted  PP  with  the  addition  of  styrene.  It  was  explained  that  the 
PP  macroradicals  arc  consumed  more  rapidly  by  styrene  in  the  comonomer  system  than  by 
MA  alone,  so  that  the  amount  of  chain  scission  is  reduced.  However,  in  this  case,  GMA  is 
being  used  as  the  monomer  instead  of  maleic  anhydride,  the  depression  of  crosslinking  or 
degradation  is  not  so  obvious  as  shown  in  Figure  (4-6  b),  where  the  MFI  values  of  grafted 
polyolefins  with  or  without  styrene  arc  about  the  same.  This  means  the  increasing  rate  of  the 
grafting  is  not  high  enough  to  consume  most  of  the  macroradicals.  There  arc  still  large 
amounts  of  macroradicals  undergoing  crosslinking  or  degradation.  Conllicting  with  the 
published  results  of  MA  grafting  study  [74],  this  phenomena  reveals  that  the  thermal 
degradation  and  crosslinking  of  polyolefins  during  the  melt  grafting  of  GMA  could  not  be 
effectively  suppressed  by  comonomer  technique. 


In  this  part  of  the  study,  the  melt  grafting  of  LLDPE,  HOPE,  and  PP  with  GMA 


Dpcr  half-lifts  are  tried  and  compared.  It  is  found 


that  2.5-dimethyl-2,5-di(t-butylpcroxy)hcxane  is  the  raosi  effective  initiator  for  the  grafting 
of  all  three  polyolefins  although  it  also  results  in  a certain  amount  of  crosslinking  for  PE  and 
degradation  for  PP,  respectively. 

2.  Different  types  of  grafting  procedures  arc  also  studied.  Injecting  monomer/peroxide 
into  die  molten  polyolefins  will  result  in  high  graft  ratio  and  less  crosslinking  or  degradation, 
while  mixing  peroxide  with  polyolefins  first  then  monomer  or  mixing  polyolefins  with 
peroxide  and  monomer  together  before  extrusion  would  result  in  lower  graft  ratio  and  severe 
crosslinking  or  degradation. 

3.  The  processing  parameters  are  studied  in  detail  and  it  is  found  that  increasing  the 
grafting  reaction  temperature,  the  initiator  concentration,  the  amount  of  GMA,  or  decreasing 
the  screw  speed  would  result  in  a higher  graft  ratio. 

4.  The  comonomer  technique  is  studied  in  order  to  upgrade  the  graft  ratio  and 
suppress  crosslinking  or  degradation.  Styrene,  as  a comonomer,  dramatically  upgrades  the 
graft  ratios  for  all  three  polyolefins.  The  most  likely  reason  for  that  is  the  high  solubility  of 
styrene  in  polyolefins  and  the  high  stability  of  the  macroradical  formed  between  polyolefins 
radicals  and  styrene  monomer.  The  details  of  this  mechanism  are  still  not  clear.  Unfortunately, 
the  addition  of  styrene  does  not  effectively  suppress  crosslinking  or  degradation. 
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Tabic  (4-2).  The  Influence  of  different  initiators  on  the  graft  ratio  and  crosslinking. 
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Figure  (4-1).  The 


Ratio  of  peak  heights  of  (CO/CH3) 


Figure  (4.2  a).  The  calibration  curve  for  the  calculation  of  the  graft  ratio  of  GMA  grafted 
LLDPE. 


89 


Ratio  of  peak  heights  (CO/CH3) 


Figure  (4-2  b).  The  calibration  curve  for  the  calculatio 
HDPE. 


alio  of  GMA  grafted 
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Figure  (4-2  c).  The  calibration  curve  for  the  calculation  of  the  graft  ratio  of  GMA  grafted 
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Figure  (4-3).  FT1R  spectra  of  the  grafted  polyolefins. 

(a).  LLDPE-g-epoxy ; (b).  HDPE-g-epoxy ; (c).  PP-g-cpoxy. 
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Tabic  (4-3).  The  eff 


procedures  on  GR  and  MFI  values. 
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(1)  R’OOR'  ► 2RO- 

(2)  2R'0"  + P ► R'OH  + P 


(3)  p + p ► p - p 

(4)  P ► P!  + P2' 

(5)  P + M ► PM- 

(6)  PMn'  + M *-  PMn+r 


a)  M 


M„- 


(8)  PMn+f  + Mn‘  ► PMm 


Initiator  decomposition 
Hydrogen  abstraction 
Crosslinking  (PE) 
Degradation  (PP) 

Graft  initiation 
Graft  propagation 
Homopolymerization  of  GM 
Recoupling 


Figure  (4-5).  Tlie  mechanisms  of  main  reactions  in  the  grafting  process. 
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Peroxide:  DDPH.  0.6%;  GMA/slyrcnc:  stoichiometric;  I8O0C.  100  ipm: 
Solid  symbols:  wilhoul  slyienc:  Open  symbols:  wilh  siyrcnc. 


| -o-  LLDPE  -o-  HDPE  a PP  | 


Figure  (4-6  a).  The  effects  of  adding  siyrcnc  as  comonomer  on  the 
three  grafted  polymers. 


: graft  ralios  of  Ihcs 
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Figure  (4-6  b).  The  effects  of  adding  styrene  as  comonomer  on  the  MFI  of  these  three 
grafted  polymers. 


CHAPTER  5 

CROSSUNKING  THE  GMA  GRAFTED  POLYPROPYLENE  (PP-G-EPOXY)  BY 
MUTIFUNCTIONAL  MONOMER 

5.1  Iniroduclion 

The  accelerated  thermal  degradation  of  PP  in  the  presence  of  peroxide  during  its  melt 
grafting  by  GMA  (glycidyl  methacrylate)  was  briefly  discussed  in  Chapter  4.  Normally,  the 
thermal  degradation  of  PP  during  its  processing  can  be  avoided  by  adding  thermal  stabilizers 
(antioxidants).  However,  this  kind  of  stabilizing  mechanism  cannot  be  applied  to  the  grafting 
process  because  the  stabilizer  eliminates  the  free  radicals  which  initiate  the  grafting.  Effort 
was  made  in  Chapter  4 to  accelerate  the  grafting  in  order  to  inhibit  the  disproportionation  of 
the  radicals  by  using  styrene  as  a comonomer  of  GMA  It  turned  out  that  styrene  did  facilitate 

The  failure  to  suppress  the  degradation  of  during  the  grafting  of  PP  could  directly 
affect  the  final  properties  of  PP  blends  if  the  degraded  PP  is  used  as  a precursor  of  the 
compatibilizcr.  First,  the  poor  mechanical  properties  of  GMA  grafted  PP  (PP-g-epoxy) 

of  the  poor  bulk  properties  of  PP  based  blends.  Secondly,  the  low  melt  viscosity  of  PP-g- 
epoxy  brought  by  low  molecular  weight  would  make  it  difficult  for  PP-g-epoxy  to  disperse 
into  other  phases  with  the  higher  melt  viscosities.  It  has  already  been  established  that  the 


arphology  and  physical 
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properties  of  ihe  blends.  Wu  [77]  indicated  that  smallest  dispersing  domains  size  can  only  be 
achieved  when  die  viscosity  ratio  is  close  to  one.  Due  to  its  low  melt  viscosity,  degraded  PP- 
g-epoxy,  when  it  was  used  as  reactive  compatibilizer  in  blending  systems,  would  tend  to 
agglomerate  without  dispersion  to  the  interface  of  PP  and  other  polymers. 

As  a potential  application,  PP-g-cpoxy  can  also  be  used  as  a coupling  agent  for 
PP/(wood  or  glass  fiber)  composite.  The  epoxy  group  of  PP-g-cpoxy  and  hydroxyl  group  of 
wood  or  glass  fiber  make  it  possible  to  develop  inierfacial  bonding  between  the  PP  matrix  and 
Ihe  fibers.  It  has  been  proven  that  when  a large  amount  of  the  PP-g-cpoxy  is  applied,  its  low 

properties  of  the  composite,  especially  for  the  tensile  strength  and  elongation  properties  [78]. 

In  this  chapter,  a chemical  crosslinking  method  is  used  to  improve  the  bulk  properties 
of  grafted  PP.  By  using  a multifunctional  monomer  along  with  GMA  monomer,  the  degraded 
chain  segments  arc  supposed  to  be  recouped.  Crosslinking  of  PP  by  the  class  of 
methacrylates  or  ally!  multifunctional  monomers  has  been  widely  published  179,  80J. 
Recently,  Yoshi  el  al.  [811  used  multifiictional  monomer  (trimcihylolpropaneiriacrylatc) 
(TMPTA)  in  the  presence  of  electron  beam  irradiation  to  upgrade  the  melt  strength  of  PP  by 
increasing  its  amorphous  phase  content.  It  was  found  that  the  crosslinkcd  PP  has  extremely 

multifunctional  monomer  is  used  to  generate  a certain  level  of  crosslinking  density  during  the 
melt  grafting.  As  mentioned  before,  the  major  purpose  of  crosslinking  is  not  only  to  increase 
the  mechanical  properties  of  grafted  PP.  but  also  to  increase  its  melt  viscosity  which  may 
facilitate  its  dispersion  into  other  phases  during  melt  blending.  The  effect  of  the  crosslinking 


: grafted  PP  t 


The  PP  (Tenile  with  MFI:  2.6  g/10  min)  used  in  Ihis  siudy  was  donated  by  Easimnn 
Chemical  Co.;  Another  high  molecular  weight  PP  (MFI:  1.1  g/10  min,  tv  89,300  Pa.s)  is 
donated  by  Himom  Chemical  Co.;  The  initiator  (2,5-dimethyl-2,5-di(t-bulylperozyl)hexane 
(DDPH))  was  purchased  from  Akzo  Chemie  Co.;  Both  multifunctional  monomer 
(trimethylolpropanctriacrylaic  (TMPTA))  and  monomer  (Glycidyl  methacrylate  (GMA)) 

3.2.3  Grafting 

The  grafting  was  carried  out  in  the  same  APV  reactive  twin-screw  extruder  as 
illustrated  in  Chapter  4.  The  extrusion  parameters  were  kept  at:  PP/GMA/peroxide: 
100/6/0.6  or  100/6/0.2. 100  rpm,  180”C.  The  multiliinctional  monomer  was  premixed  with 
GMA/peroxidc  with  predetermined  ratios. 

5.2.3  Analysis 

The  pellets  of  crosslinked  PP-g-cpoxy  were  injection  molded  to  standard  tensile  test 
specimens  with  3000  psi  under  180°C.  The  tensile  test  was  carried  out  according  to  ASTM 
D638,  type  V in  a MTS  880.14  servo-hydraulic  testing  machine  with  strain  rate  at  5 in/min. 


Hardness  (Rockwell)  was  tested  according  to  ASTM  D785. 
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The  meil  Bow  index  (MF1)  of  Ihe  blends  were  measured  according  lo  ASTM  D1238 
using  Tinius  Olsen  exlrusion  plasiomelcr. 

The  Thermal  resting  was  carried  our  by  using  the  same  DSC  as  previously  illustrated. 
The  lffC/min  heating  and  40  C/min  cooling  down  program  was  employed  to  cancel  the 
thermal  history. 

A SR-200  double-plate  rheometer  was  used  to  perform  the  rheological  study.  The 
diameter  and  gap  of  the  parallel  plates  arc  25.0  mm  and  1.0  mm;  Stress  and  temperature  were 
kept  at  250  Pa  and  180”C  respectively.  The  frequency  changed  from  0.03  Hz  to  79.5  Hz. 

'H-NMR  testing  was  carried  out  in  GEMINI-300  NMR  spectrometer  by  using 
toluenc-d,  as  the  solvent  The  sample  was  dissolved  in  the  solvent  in  high  temperature  before 
detecting.  All  of  the  samples  used  in  'H  NMR  or  FTIR  were  purified  by  solvent  extraction. 


5.3.1  The  mechanisms. 


As  shown  in  figure  (5-1),  the  whole  proposed  mechanism  is  composed  of  three  parts. 
Peroxide  will  cause  chain  scission  while  the  multifunctional  monomers  recouple  all  of  these 
scissizcd  chains  together.  Meanwhile,  GMA  monomers  arc  grafted  onto  the  macroradicals. 


All  of  these  three  processes  take  place  simultaneously.  The  scission  and  recoupling  are  two 
opposite  but  irreversible  processes.  Chain  scission  keeps  the  linearity  of  molecular  chain 
structure  while  recoupling  makes  PP  chain  geography  shift  from  linear  to  branching. 
Rccoupling  cannot  only  reconnect  the  segments  of  scissizcd  chains,  it  can  also  stabilize  the 
macroradicals  by  the  "resonance  effect"  as  shown  in  figure  (5-1)  1801.  On  the  other  hand,  the 
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rccoupling  and  grafting  could  form  a competitive  pair  for  the  free  radicals  because  both 
consume  the  macroradicals.  As  multifunctional  monomer  has  high  functionality,  in  worst  case, 
large  amounts  of  it  can  consume  the  majority  of  macroradicals  and  leave  GMA  without  a 
reactive  site  to  graft  onto.  As  a result,  the  optimal  ratio  of  multifunctional  monomcr/GMA 
monomer  should  be  determined  to  keep  the  maximum  graft  ratio  of  GMA  and  simultaneously, 
the  chain  scission  caused  by  peroxide  can  be  compensated  to  certain  extent  by  chain 

5.3.2  The  Detection  of  GMA  Graft  Ratios 

Normally,  the  graft  ratio  is  measured  by  the  FOR  absorption  of  carbonyl  group  of  the 
grafted  GMA  monomer  after  the  grafted  PP  is  solvent  extracted  as  illustrated  in  Chapter  2, 
3, 4,  and  Appendix  B.  In  this  study,  as  TMPTA  is  used  as  coagent,  the  carbonyl  groups  of 
TMPTA  may  interfere  with  the  analysis.  As  a result,  the  carbonyl  peak  cannot  be  used  for 

GMA  grail  ratio  is  die  epoxy  group  at  998.92  cm'1 , 91 1.49  cm1,  and  848.20  cm1,  which  has 
no  interference  from  TMPTA.  However,  these  peaks  arc  not  intense  and  sensitive  enough  to 

NMR  was  used  in  this  study  (Fig.(5-2».  Tolucnc-d'was  used  as  solvent  for  the  grafted  PP. 
A healing  stage  was  used  during  NMR  experiments  to  insure  that  grafted  PP  was  soluble  in 
solution.  The  degree  of  grafting  was  calculated  from  the  ratio  of  the  integral  of  peaks  located 
at  approximately  4.05  ppm  (assigned  for  the  two  hydrogen  atoms  that  arc  adjacent  to  the 
ester  oxygen  atom)  to  die  integral  of  the  peaks  that  occur  tetween  0.5  and  1 .8  ppm  (assigned 
for  the  six  hydrogen  atoms  of  PP). 
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5.3.3  The  Effects  of  Peroxide  Purine  Mell  Grafting 

The  effect  of  peroxide  accelerated  ihcnnal  degradation  on  ihc  mechanical  and  thermal 
properties  of  PP  has  been  well  studied  181-83].  As  shown  in  the  Table  (5-1)  below,  with  the 
increasing  amount  of  peroxide,  the  graft  ratio  docs  obviously  increase,  but  the  MF1  increases 
even  more  dramatically.  It  is  clear  that  peroxide  accelerates  the  thermal  degradation  of  PP 
much  more  than  it  upgrades  the  grafting.  The  severe  degradation  resulted  in  low  yield 
strength,  hardness,  melting  point,  and,  most  obviously,  the  elongation  properties.  In  other 
word,  if  we  want  to  increase  the  graft  ratio  by  increasing  the  peroxide  concentration,  the 
molecular  weight  and  mechanical  properties  would  be  inevitably  sacrificed.  From  the  MFI 
value  shown  above,  we  can  sec  that  PP  is  extremely  sensitive  to  the  presence  of  peroxide,  up 
to  0.5%  of  peroxide  may  cause  the  avalanche  of  PP  molecular  structure  and  consequently 
deteriorate  its  mechanical  properties.  The  poor  mechanical  properties  could  be  due  to  the 
slippage  failure  of  short  molecular  chains  lack  of  entanglements.  Figure  (5-3)  shows  G\  G", 
and  q*  of  unmodified  and  degraded  PP-g-epoxy  as  a function  of  frequency.  It  is  observed 
that  G',  q*  curves  of  degraded  PP-g-epoxy  lie  much  lower  (especially  at  the  low  frequency 

frequencies  and,  therefore,  shorter  chains  for  the  degraded  PP-g-epoxy.  Since  the  molecular 
weight  distribution  of  PP  has  a linear  relationship  with  "polydispcrsity  index"  (PI  value)  [84], 
which  can  be  calculated  from  the  cross-over  of  the  G'  and  G"  curves  by 


= 10>/Gc,(G,:i 
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The  calculated  low  PI  value  of  degraded  PP  (4.8)  indicates  that  the  degraded  PP  has 
a narrower  molecular  weight  distribution  than  that  of  unmodified  PP  (5.7).  although  its 
molecular  weight  is  much  lower  than  unmodified  PP.  This  result  conforms  to  the  well 
observed  phenomena:  chain  scission  can  narrow  down  the  molecular  weight  distribution  of 
PP. 

The  short  molecular  chain  of  degraded  PP-g-epoxy  can  also  be  demonstrated  from  its 
G'-G"  plot  (Figure  (5-4)).  G"  is  larger  than  G'  throughout  the  frequency  region  (Iff2  to  ltf 
Hz).  That  means  the  deformation  is  mainly  viscous  at  even  higher  frequencies.  Normally.  G" 
is  only  larger  than  G’  at  low  frequency  for  the  typical  thermoplastics  [6 1).  As  a comparison, 
the  G'-G"  curve  of  unmodified  PP  demonstrates  the  typical  thermoplastic  rheological 


Since  the  rate  of  thermal  degradation  of  PP  has  a direct  relationship  with  its  molecular 
weight,  in  this  section  of  study,  high  molecular  weight  PP  (from  Himont  Chemical:  q0: 89.300 
Pa.s  ; MFI:  1.1  g/lOmins)  is  used  as  parent  materials  in  older  to  get  PP-g-epoxy  with 
relatively  high  molecular  weight.  The  decrease  of  q„  (zero  shear  viscosity)  with  the  increasing 
of  peroxide  added  was  shown  in  Figure  (5-5).  The  % of  the  normal  molecular  weight  PP 
decreases  dramatically  within  the  first  addition  of  0.2%  peroxide,  after  which  q„  does  not 

length  for  the  formation  of  entanglements.  For  high  molecular  weight  PP,  t)0  is  not  so 
sensitive  to  peroxide  within  first  0.05%  and  there  is  a plateau  region  for  T)0  value.  However, 
rj„  dropped  obviously  between  0.05%  and  0.2%  and  after  the  critical  point  of  0.4%,  the  q, 
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curve  tended  to  be  flatter.  When  the  amount  of  peroxide  added  exceeds  0.4%,  both  normal 
and  high  molecular  weight  PP  reach  quite  similar  final  q0  values. 

In  Rgure  (5-5).  both  PP  have  a "peroxide  sensitive  region",  where  the  q0  values  drops 
dramatically.  PP  with  high  molecular  weight  seems  to  have  a higher  and  a broader  region 
(around  0.05%  to  0.4%)  while  normal  molecular  weight  PP  has  a lower  and  a narrower 
region  (around  0-  0.2%).  However,  after  this  region.  PP  with  different  molecular  weights 
results  in  quite  close  final  q„  value.  As  the  peroxide  concentration  for  melt  grafting  of  PP  is 
usually  above  0.3%.  it  is  clear  that  selecting  unmodifed  PP  with  high  molecular  weight  does 
not  necessarily  increase  the  molecular  weight  of  the  grafted  PP. 

5.3.5  The  Effect  of  Crosslinkine  by  MuUifttnclipnal  Monomer  (TMPTA), 

5.3,?.  1 High  peroxide  concentration  (<),(>%) 

The  peroxide  concentration  was  set  at  0.6%  in  our  previous  reactive  extrusion.  Based 
on  the  work  done  in  Chapter  4.  it  has  been  concluded  that  using  high  peroxide  concentrations, 
and  low  monomer  concentrations  is  an  effective  method  to  increase  the  grafting  efficiency  and 
inhibit  the  homopolymcrixation  of  GMA  monomer  during  the  melt  grafting.  However,  as 
illustrated  before,  high  concentration  of  peroxide  causes  severe  degradation.  In  this  study,  the 
concentration  of  multifunctional  monomer  (TMPTA)  is  increased  from  0 to  1.0%  in  order  to 
see  if  the  effect  of  chain  recoupling  and  crosslinking  can  compensate  for  the  chain  scission  to 


crosslinkcd  PP-g-cpoxy  are  shown  in  Table  (5-2).  Based  on  the  comparison  of  MFI  values. 
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0.6%  peroxide  overwhelms  the  chain  recoupling  by  up  10  1.0%  multifunctional  monomer. 
However.  1.0%  of  TMPTA  docs  reduce  the  MFI  value  of  PP  from  52.4  to  21.4.  along  with 
the  increasing  of  gel  amount  from  0 to  0.35%.  Since  the  gel  amount  (crosslinking  density)  is 
low  while  the  decreased  MFI  is  large,  it  may  indicate  that  the  main  effects  from 
multifunctional  monomer  is  not  just  crosslinking  or  chain  rccoupling,  but  also  minimizing  the 
p-scission  by  stabilizing  the  macroradicals  via  "resonance  effect",  as  shown  in  Figure  (5-1). 
On  the  other  hand,  the  graft  ratio  is  not  affected  by  the  increase  of  TMPTA  and  almost 
remains  constant.  This  means  that  the  number  of  macroradicals  initiated  by  peroxide  is  large 
enough  to  have  both  grafting  and  chain  recoupling  happen  simultaneously  without  any 

Due  to  the  low  molecular  weight  caused  by  chain  scission,  the  degraded  PP-g-cpoxy 
has  a much  lower  T„  and  crystallinity  (shown  as  AH,)  than  unmodified  PP.  Once  TMPTA 
was  added,  there  is  certain  increase  of  T„  due  to  the  restriction  of  the  flow  of  melt  by 
crosslinks.  As  we  know,  in  general,  crosslinks  act  as  local  defects,  and,  together  with  the 
reduced  supercooling,  reduction  in  total  crystallinity  is  expected.  However,  according  to 
Birlcd  el  al.  [851.  few  crosslinks  often  improve  packing  of  polymer  chains  into  a crystalline 

increasing  amount  of  TMPTA  added  may  correspond  to  this.  The  similar  phenomena  was  also 
observed  in  the  reactivity  study  of  grafted  HDPE  in  Chapter  3. 

There  is  no  obvious  change  of  hardness  with  the  addition  of  TMPTA  For 
scmicrystallinc  polymer  like  PP,  the  hardness  mainly  depends  on  the  level  of  crystallinity. 
When  the  crystalline  is  disturbed  by  the  chain  scission,  the  hardness  would  decrease.  But  if 
the  crosslinking  and  chain  recoupling  arc  introduced  in,  the  increase  of  hardness  by 


the  overall 


crosslinking  can  compensate  for  the  decrease  caused  by  chain  scission.  So 
hardness  can  remain  constant.  The  chain  rccoupling  and  crosslinking  also  bring  in  certain 
improvements  on  the  elongation  properly  of  degraded  PP.  In  this  ease,  both  chain  scission  and 
chain  recoupling  happened  simultaneously,  but  the  chain  scission  is  still  predominate.  As  a 
result,  the  elongation  at  break  value  of  highest  crosslinked  PP  is  still  lower  than  pure  PP. 

The  increase  of  yield  strength  is  mainly  due  to  the  presence  of  crosslinks,  it  may  also 
be  due  to  the  interactions  between  the  grafted  GMA  chains.  The  graft  structure  makes  the 
specific  interaction  between  grafted  chains  as  a kind  of  physical  crosslink  which  might 
improve  the  mechanical  properties. 

5.3.S.2  Low  peroxide  concentration  (0,2%!, 

In  order  to  have  grafted  PP  with  similar  theological,  mechanical  and  thermal 
properties  as  unmodified  PP,  the  chain  scission  and  rccoupling  rales  should  be  kept  balanced. 
As  shown  above,  PP  is  more  sensitive  to  the  peroxide  concentration,  so  low  peroxide 
concentration  (0.2%)  was  chosen  in  the  study  of  this  section.  Low  peroxide  concentration  can 
avoid  the  excessive  degradation  but  this  comes  with  a sacrifice  in  graft  ratio.  In  this  case,  the 
graft  ratio  was  around  0.63%,  which  is  lower  than  the  case  of  high  peroxide  concentration. 

Since  the  amount  of  TMPTA  is  much  higher  than  peroxide  in  this  case,  chain 
rccoupling  begins  to  dominate  over  chain  scission  and  consequently,  the  MFI  values  decrease 
along  with  the  increasing  amount  of  TMPTA  as  shown  in  Table  (5-3).  Compared  with  the 
case  of  high  peroxide  content,  gel  amount  has  a dramatic  increases  which  means  the 
crosslinking  density  increases.  However,  this  number  of  crosslinks  still  has  no  influence  on 
the  smoothness  of  extrusion  and  the  surface  finish  of  the  samples  from  injection  molding 
according  to  our  observation. 
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The  yield  strength  increases  in  ihc  presence  of  crosslinks  initiated  by  high  content  of 
TMPTA.  Unlike  the  case  of  high  peroxide  concentration,  the  elongation  increases 
dramatically  along  with  the  increasing  of  TMPTA  in  this  case.  The  same  phenomena  was 
observed  by  Kim  el  o/.[83)  in  his  PP  crosslinking  study.  The  most  reasonable  explanation  for 
this  observation  is  the  presence  of  increased  content  of  amorphous  phase,  which  is  indicated 
by  the  decreasing  AH„  values.  The  resulting  PP  has  an  extremely  improved  ductility  and 
makes  specimens  difficult  to  be  broken  (elongation  at  break  is  above  664%)  even  under  high 
strain  rate  (5  inch/min).  For  the  thermal  properties.  T„  increases  first,  then  decreases,  and 
AH„  keeps  decreasing.  It  confirms  that  the  crystalline  is  disturbed  and  the  crystallinity  is 
reduced  by  the  chains  rccoupling  which  causes  branching  or  a crosslinked  structure.  As  chain 
crosslinking  and  recoupling  dominate  in  this  case,  the  increased  molecular  weight  and 
crosslinking  density  increased  the  hardness. 

The  effect  of  both  TMPTA  and  peroxide  on  rheological  properties  of  the  grafted  PP 
is  illustrated  in  Figure  (5-6).  As  compared  to  the  corresponding  binary  PP/peroxide  and 
PP/TMPTA  systems,  the  persistence  of  G'  into  the  low  frequency  region  in  the  case  of 
PP/TMPT A/pcroxide  systems  clearly  indicates  the  existence  of  highly  branched  PP  chains. 
On  the  other  hand,  the  lower  G'  value  in  the  high  frequency  range  compared  with  the  TMPTA 
crosslinked  PP,  suggests  lower  entanglement  density  caused  by  degraded  PP  chains.  Both 
observations  agree  with  the  proposed  competition  between  chain  scission  and  recoupling 


5.3.5,3  The  contribution  of  TMPTA  and  GMA  to  Ihc  crosslinking. 
Based  on  the  study  of  PP  grafting  by  maleic  anhydride  (MA),  a : 


number  of  papers  have 


enhanced  the  crosslinking  186).  The 
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mechanism  for  lhat  is  still  not  well  understood.  In  the  current  study,  it  is  still  not  clear  how 
much  contribution  GMA  has  made  to  the  amount  of  observed  crosslinking.  In  order  to  clarify 
the  proportion  of  crosslinking  from  GMA  and  TMPTA,  the  variation  of  G‘  with  different 
GMA  levels  without  TMPTA  and  different  TMPTA  without  GMA  were  measured  and  results 
are  shown  in  Figure  (5-7  a)  and  Figure  (5-7  b)  respectively.  With  no  GMA,  significant 
contributions  of  TMPTA  to  chain  recoupling  in  the  crosslinkcd  PP  can  be  clearly  identified, 
indicating  dramatically  enhanced  crosslinking  in  the  presence  of  TMPTA.  In  contrast,  the 
effect  of  GMA  on  chain  connectivity  is  much  less  apparent,  os  is  shown  in  Figure  (5-7  b).  As 
a result,  TMPTA  is  the  major  contributor  to  the  formed  crosslinking  rather  than  GMA. 
However,  GMA  docs  enhance  the  crosslinking  to  certain  extent  level  based  on  the  limited 
increase  of  G'  in  Figure  (5-7  b). 


Figure  (5-8)  shows  the  recovery  of  complex  viscosity  along  with  the  addition  of 
TMPTA.  It  is  observed  that  with  0.8%  of  TMPTA  and  0.2%  of  peroxide,  the  crosslinking  and 
chain  scission  can  reach  a balanced  point,  where  the  grafted  PP  has  almost  exactly  overlapped 
viscosity  curve  with  unmodified  PP.  That  means  by  adjusting  the  TMPT A/peroxide  ratio,  the 
introduced  chain  recoupling  can  compensate  for  the  opposite  rheological  effect  from 
peroxide.  Figure  (5-9)  shows  the  opposite  effect  of  peroxide  and  TMPTA  on  the  complex 
viscosity  of  grafted  PP.  0.2%  of  peroxide  can  drop  the  ti„  from  above  10,000  Pa.s  to  low 
1 ,000  Pa.s,  while  the  amount  of  TMPTA  needed  to  restore  the  original  viscosity  is  as  high 
as  0.8%.  This  result  confirms  the  conclusion  drawn  early,  PP  is  more  sensitive  to  peroxide 
than  to  multifunctional  monomer.  The  comparison  of  G'~G"  plot  of  unmodified  PP  and 
degraded  PP  has  been  made  in  Figure  (5-10).  It  is  found  that  the  deformation  of  degraded  PP 
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is  mainly  viscous  throughout  the  frequency  range.  However,  along  with  the  increasing  amount 
of  TMPTA  introduced,  the  storage  modulus  (G)  began  to  be  slightly  larger  than  dissipation 
modulus  <G")  at  high  frequency.  As  we  know,  for  typical  thermoplastic  materials,  the 
deformation  should  be  mainly  viscous  at  low  frequency  and  clastic  at  high  frequency,  while 
the  opposite  is  typical  for  elastomer  materials.  In  this  case,  the  G'~G"  curve  indicate  that 
crosslinked  PP  still  demonstrates  a typical  thermoplastic  rheological  properties.  This  means 
that  although  crosslinking  occurs  in  this  type  of  recoupling  caused  by  TMPTA,  an  extensive 
three  dimensional  network  of  crosslinking  does  not  form.  The  absence  of  extensive 
crosslinking  allows  the  PP  to  retain  its  processability. 


In  the  study  of  this  chapter,  a multifiinctional  monomer,  trimetylolpropanetriacrylate 
(TMPTA),  is  used  to  form  certain  crosslinking  during  melt  process  in  order  to  compensate 
the  degradation  initiated  by  the  peroxide  used  for  grafting.  The  following  conclusions  arc 

1 . Peroxide  used  for  the  melt  grafting  of  PP  can  cause  severe  thermal  degradation  of 
PP.  TMPTA,  as  a multifunctional  monomer,  can  be  used  to  control  the  rheological  properties 
of  degraded  PP  by  forming  a certain  amount  of  crosslinking  or  chain  recoupling.  With  the 
proper  ratio  of  TMPTA/peroxide,  the  grafted  PP  can  keep  similar  melting  and  mechanical 

2.  PP  is  more  sensitive  to  peroxide  than  to  multifunctional  monomer  (TMPTA).  In  the 
case  of  high  peroxide  concentration,  TMPTA  cannot  effectively  restore  the  rheological 
properties  of  degraded  PP.  Only  under  low  concentration  of  peroxide,  the  crosslinking  or 
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chain  recoupling  caused  by  TMPTA  could  compensate  the  negative  effect  of  chain  scission, 
and  improve  the  bulk  properties  of  grafted  PP, 

3.  High  molecular  weight  PP  (MFI:  1. 1 g/10  mins)  can  restrain  the  rate  of  degradation 
when  the  peroxide  concentration  is  below  0.1%.  There  is  a plateau  region  (0-0.05% 
peroxide)  where  the  shear  viscosity  of  PP  is  not  sensitive  to  the  presence  of  peroxide. 
However,  when  the  peroxide  concentration  exceeds  0.3%.  high  molecular  weight  PP  results 
in  a quite  close  viscosity  to  the  low  molecular  weight  PP  (MFI:  2.6  g/10  mins).  That  means 
that  using  PP  with  high  molecular  weight  could  not  generate  high  molecular  weight  grafted 
PP  if  the  peroxide  concentration  is  above  0.3%. 

4.  There  is  no  obvious  competition  for  macroradicals  between  grafting  and  chain 
recoupling  in  the  both  cases  of  high  and  low  concentrations  of  peroxide.  The  amount  of 
TMPTA  added  seems  to  have  no  effect  on  the  graft  ratio  of  grafted  PP. 

5.  Based  on  the  rheological  study,  it  was  concluded  that  the  crosslinks  of  PP  are 
mainly  contributed  by  TMPTA  while  the  effect  from  GMA  is  very  trivial. 
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Figure  (5-3  a).  Shear  storage  modulus  (O'),  shear  dissipation  modulus  (G").  and  complex 
shear  viscosity  (0*)  of  pure  PP.  PI:  polydispersily  index. 
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Figure  (5-3  b).  Shear  storage  modulus  (G'J,  shear  dissipation  modulus  (G"),  and  complex 
shear  viscosity  (t)*)  of  degraded  PP-g-cpoxy.  PI:  polydispcrsily  index. 


»-  Degraded  PP-g-epoxy  | 


Figure  (5-4).  G'~G" 


; for  pure  PP  and  PP-g-epoxy. 
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Figure  (5-5).  The  decreasing  of  zero  shear  viscosily  (r|0)  along  wilh  the  increasing  of 
peroxide  amount  for  high  molecular  weight  PP  (MFI:  1.1  g/10  min)  and  currently  used  PP 
(MF1: 2.6  g/10  min). 
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I -a-  0,2%  Peroxide  O 0.6»  TMPT A/0.2%  Peroxide  I 

| -a-  0.6*  TMPTA 


Figure  (5-6).  The  simultaneous  effects  of  peroxide  and  TMPTA  on  the  rheological 
properties  of  PP. 
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(a) 


-a-  0,1%  TMPTA  -o-  0.5ft  TMPTA  | 


Figure  (5-7  a).  The  varialion  of  G'  of  PP  with  different  amount  of  TMPTA. 
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(b) 


Figure  (5-7  b).  The  variation  of  G'  of  PP  with  different  amount  of  GM A. 
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Frequency  (Hz) 

-t-  DOT  TMPTA  -u  0.4*  TMPTA  -o-  0 «*  TMPTA 


Figure  (5-8).  The  rehabililalion  of  G'  with  Ihe  i 


of  TMPTA. 
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Figure  (5-9).  The  opposite  effects  of  peroxide  and  TMPTA  on  the  zero  shear  viscosity  of 
PP-g-cpoxy. 
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Figure  (5- 10).  The  G'-G"  curves  of  degraded  and  crosslinked  PP-g-epoxy. 
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PART  II:  THE  APPLICATIONS  OF  GLYCIDYL  METHACRYLATE  (GMA) 
MONOMER  GRAFTED  POLYOLEFINS  IN  THE  REACTIVE 
COMPATIBILIZATIONS  OF  POLYMER  BLENDS 

CHAPTER  6 - CHAPTER  8 


CHAPTER  6 

THE  REACTIVE  COMP ATIBILIZATION  OF  HDPE/PET  BLENDS 


The  polymer  mixture  of  polyethylene  tcrcphlhate)  (PET)  and  high  density 
polyethylene  (HOPE)  constitute  a significant  portion  of  post-consumer  waste.  The  two 
polymers,  however,  ate  immiscible  and  need  to  be  compatibilizcd  in  order  to  be  used  in 
commercial  applications.  The  imraiscibility  of  PET  and  HDPE  is  because  of  their  quite 
different  molecular  structures,  polarities,  and  crystallization  behaviors.  Theoretically, 
immiscible  blends  arc  generally  preferred  over  miscible  blends  as  one  can  take  advantage  of 
the  useful  properties  of  each  blend  component.  However,  immiscible  blends  quite  often  have 
poor  phase  dispersion.  The  unfavorable  interactions  between  the  molecular  chains  would  lead 
to  large  interfacial  tension  in  the  melt  and  make  it  difficult  to  disperse  the  components  well 
during  mixing.  Such  unfavorable  interactions  also  lead  to  unstable  morphology  and  poor 
interracial  adhesion,  resulting  in  inferior  mechanical  properties.  If  the  morphology  can  be 
better  stabilized  and  the  mechanical  properties  cost-effectively  improved,  then  we  have  an 
additional  value-added  use  for  post-consumer  household  waste.  This  objective  could  be 
achieved  by  compatibilization. 

Currently  there  are  two  main  compatibilization  routes  for  PET/HDPE  blends.  One 
route  is  PET/HDPE-g-maleic  anhydride/HDPE  blends  (87].  Here,  HDPE-g-malcic  anhydride 
(HDPE-g-MA)  is  synthesized  by  melt  grafting  of  HDPE  with  maleic  anhydride.  Adding 
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HDPE-g-MA  in  the  blends  can  increase  the  polarity  of  non-polar  HDPE  phase  so  that  certain 
hydrogen  bonding  can  be  formed  between  the  functional  maleic  anhydride  group  of  HDPE-g- 
MA  and  polar  structure  of  PET.  The  possibility  of  forming  chemical  bonding  between  MA 
and  some  hydroxyl  end  groups  of  PET  is  very  rare  because  of  the  poor  reactivity  between 
maleic  anhydride  and  hydroxyl  or  carboxylic  groups.  As  a result,  the  biggest  problem  of  this 
system  is  the  lack  of  strong  chemical  bonds  between  the  incompatible  PET  and  HDPE  phases 
although  several  authors  [87-89]  have  claimed  that  they  had  decreased  the  domain  size  of 
HDPE  and  improved  the  mechanical  properties  of  the  blends  by  using  this  technique. 

Another  technique  is  PET/EGMA/HDPE  blends  using  EGMA  (ethylene  glycidyl 
methacrylate  copolymer)  [90-92]  as  the  precursor  of  compatibilizer.  EGMA  is  a recently 
developed  functional  copolymer  which  has  reactive  GM  A units  on  its  polyethylene  backbone. 
This  system  coukl  achieve  much  belter  mechanical  properties  than  the  former  one  because  of 
the  chemical  bonding  formed  between  the  epoxy  group  of  GMA  and  the  carboxylic  or 
hydroxyl  end  groups  of  PET.  Unfortunately,  there  arc  also  disadvantages  to  this  technique. 
The  commercially  available  EGMA,  which  is  synthesized  by  solution  copolymerization,  is 
relatively  expensive  (-$3.5Wlb)  [93).  It  is  economically  impractical  to  use  this  kind  of 
compaliuuizcr  in  large  quantity.  Also,  the  inserted  GMA  unit  in  PE  backbone  could  influence 
the  cocrystallization  between  EGMA  and  HDPE  and  reduce  the  compatibilizing  efficiency. 

In  the  study  of  this  chapter,  GMA  grafted  HDPE  (HDPE-g-epoxy)  by  melt  grafting 
is  used  as  reactive  precursor  of  compatibilizer  for  the  blends.  Melt  grafting  technique  has  been 
discussed  extensively  in  the  previous  chapters.  Compared  with  EGMA,  HDPE-g-epoxy  has 
the  same  compatibilization  mechanism  but  it  offers  two  advantages:  First,  low  synthesizing 
costs  and  Second,  HDPE-g-epoxy  has  similar  backbone  structure  as  pure  HDPE  HDPE-g- 


epoxy  could  be  synthesized  based  on  the  HDPE  to  be  compaliMizcd.  The  grafting  will  not 
change  the  original  structure  of  PE  backbone,  therefore,  it  has  quite  similar  molecular 
structure,  molecular  weight,  crystallinity  and  melt  viscosity  as  its  original  HDPE,  although 
some  crosslinking  exist  during  melt  grafting.  These  factors  facilitate  the  cocrystallization  and 
dispersion  of  the  grafted  HDPE  into  HDPE  component. 

6.2  Experiment 

6.2.1  Materials 

Pelletized  PET  (Eastman  Chemical  Co.,  Intrinsic  viscosity:  0.8)  and  HDPE  (Eastman 
Chemical  Co.,  Tcnite  PLS  H6001-A)  are  two  mixing  components  for  this  study.  HDPE-g- 
epoxy  was  synthesized  by  melt  grafting  during  twin-screw  extrusion,  which  was  illustrated 
in  Chapter  4.  The  graft  ratios  are  from  0.8%  to  1.9%  for  different  items. 

6.2.2  Comnaubtlizaiion 

The  compatibilization  of  HDPE/PET  blends  was  carried  out  in  die  same  APV  extruder 
illustrated  in  Chapter  4.  The  barrel  temperature  ranged  from  230"C  to  270“C  from  beginning 
to  end  healing  zone.  PET  was  dried  overnight  in  vacuum  oven  before  compounding.  HDPE, 
PET,  and  HDPE-g-cpoxy  was  dry  premixed  in  predetermined  ratios  and  then  compounded 
by  the  extruder  at  the  feeding  rate  of  10  kg/hr  and  300  rpm.  The  residence  time  for  the  blends 
in  the  extruder  was  around  55  sec.  The  extrudales  were  pelletized  and  dried  in  oven. 


130 


0,2.3  QiaaasfBfliiflM 

Tensile  properties  detection  was  carried  out  according  to  ASTM  D638.  The 
specimens  were  molded  from  predried  blend  pellets  in  a injection  molding  machine,  the 
injection  pressure  was  kept  at  3000  psi.  Standard  notched  Izod  impact  test  (ASTM  D256) 
were  carried  out  in  ambient  conditions.  For  the  morphological  evaluation,  the  blends  samples 
were  cryogenically  broken  in  liquid  nitrogen,  then  samples  were  examined  by  scanning 
electron  microscopy  (SEM)  after  they  were  coated  with  a thin  gold  film.  The  detecting  of 
melting  points  and  crystallinity  of  blending  components  were  completed  in  Solomat  DSC 
4000,  Hie  heating  and  cooling  scans  were  carried  out  at  a rale  of  lOTVmin  in  the  temperature 
range  of  30-300°C.  The  melt  flow  index  (MFI)  of  the  blends  were  measured  according  to 
ASTM  D 1238  using  Tinius  Olsen  extrusion  plnstomctcr.  The  gel  content  of  grafted  HDPE 
was  determined  by  placing  the  crude  extradales  in  Soxhlet  extractor  and  extract  for  24  h with 
refluxing  toluene.  All  blends  were  predried  overnight  before  detecting.  The  torque  values  used 
to  judge  the  compatibilizaiion  reaction  were  detected  by  using  a Brabcndcr  measuring  head 
driven  by  Brabender  plasti-cord  pl2000.  The  temperature  of  the  measuring  heading  was  kept 
at  280°C  and  roller  blades  were  employed  at  60  rpm.  The  torque  data  were  acquired  by  a 
computer  interface. 

6.3  Results  and  DLsc.MSS.ign 

6.3,1  The  Comparisons  of  HDPE-c-epoxv  and  Pure  HDPE 

grafted  GMA  unit  on  the  HDPE  backbone.  In  addition,  as  illustrated  in  previous  chapters, 
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grafted  HDPE  could  have  ccrutin  crosslinks  which  is  initialed  by  the  peroxide  used  in  the 
grafting.  The  crosslinking  density  is  detected  by  measuring  gel  amount  after  solvent  extraction 
of  the  extrudate.  Table  (6-1)  shows  the  increasing  tendency  of  crosslinking  density  along  with 
the  increasing  graft  ratios  which  is  caused  by  increasing  amount  of  peroxide  added  during 
grafting. 

6.3.2  The  Coronatihilizalion  Reaction  between  Enoxv  Group  and  End  Groups  of  PET. 

The  reactive  end  groups  of  PET(carboxylic  or  hydroxyl  groups)  make  it  possible  for 
PET  to  be  compatibilinxl  with  various  functionalized  polymers  [94-97)  by  generating  in  situ 
formed  compatibili/er.  Most  of  the  reactivity  study  of  these  reactions  are  carried  out  by 
measuring  the  changing  of  torque  values  along  with  reaction  time  in  Brabender  mixer.  This 

phases  increases  the  molecular  weight  and  thus  increases  the  viscosity  of  the  system  which 
results  in  an  increase  in  mixing  torque  required  to  drive  the  rotors.  It  has  been  heavily  used 
in  the  reactivity  study  of  epoxy  and  oxazoline  groups  in  Chapter  3.  The  same  technique  is 
used  in  this  study.  The  torque  vs.  lime  curves  for  the  control  HDPE/PET  and  reactive 
HDPE/HDPE-g-cpoxy/PET  with  different  ratios  are  given  in  Figure  (6- 1 ) and  (6-2).  In  order 

grafted  HDPE.  the  grafted  HDPE  had  been  purified  by  precipitating  from  hot  toluene  in 
methanol  before  application.  The  reactive  blends  show  a much  higher  torque  than  the 
nonreaciive  blends  of  similar  composition.  Both  the  large  amount  and  high  graft  ratios  of 
HDPE-g-epoxy  lead  to  high  torque  values.  Obviously,  this  is  due  to  the  chemical  reaction 
between  the  phases.  For  most  of  the  compatibilized  blends,  the  highest  torque  values  arc 
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reached  wilhin  3 mins  of  mixing,  after  that  a constant  value  is  approached.  It  can  be  inferred 
that  most  of  the  reaction  arc  finished  within  the  very  beginning  3 mins  of  mixing.  As  the  twin 
screw  extruder  has  a much  higher  shear  rate  and  better  dispersing  effect  than  the  Brabender 
mixer,  it  is  quite  safe  to  conclude  that  the  reaction  could  be  completed  wilhin  a much  shorter 
time  in  the  twin  screw  extruder.  Figure  (6-3)  and  (6-4)  shows  the  torque  values  of  reactive 
and  control  blends  at  6 mins  of  mixing.  The  beginning  addition  of  grafted  HDPE  could 
increase  the  torque  values  dramatically,  then,  with  more  grafted  HDPE  added,  the  torque 
values  are  not  as  sensitive  as  in  the  beginning.  This  kind  of  phenomena  is  also  observed  in  the 
morphology  study  below.  It  could  be  due  to  the  exhausting  of  all  PET  end  groups  by 
excessive  grafted  epoxy  group.  For  the  practical  application,  keeping  proper  but  not  excessive 
amount  of  grafted  HDPE  is  the  desirable  way  for  the  compalibilixation,  not  only  because  of 
the  economical  consideration,  but  also  for  the  avoiding  of  crosslinking  formed  among  the 
excessive  reactive  groups  [92, 95J.  The  effect  of  crosslinking  on  the  mechanical  properties 
of  the  blends  will  be  studied  in  the  following  mechanical  property  study. 

Parallel  to  the  torque  value  measurement,  melt  flow  index  (MH)  values  of  the  blends 
are  also  detected  to  confirm  the  presence  of  the  interfacial  reaction.  Figure  (6-5)  shows  the 
change  of  MFI  values  along  with  the  change  of  blending  ratio  while  the  concentration  of 
grafted  HDPE  is  held  constant.  It  is  demonstrated  that  the  presence  of  10%  grafted  HDPE 
can  greatly  decrease  the  MFI  value  of  the  blends.  The  drop  of  MH  has  the  same  reasons  as 
the  increment  of  torque  value  illustrated  above.  From  the  same  plot,  we  can  see  that  the  MFI 

up  when  PET  component  was  around  50%.  This  behavior  may  due  to  the  increasing  amount 
of  reactive  end  groups  of  PET  which  have  high  probability  to  react  with  epoxy  groups. 
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Similarly,  Figure  (6-6)  shows  ihal  the  MF1  decreases  along  with  ihe  increasing  amount  of 
grafted  HDPE  added,  on  Ihe  olher  hand,  the  additions  of  grafted  HDPE  with  higher  graft 
ratio  also  results  in  lower  MFI  values  of  the  blends. 

From  the  above  toique  and  MFI  measurements,  it  appears  that  the  reaction  intensity 
can  be  increased  by  either  increasing  the  amount  of  added  grafted  HDPE  or  adding  the 
grafted  HDPE  with  higher  graft  ratio.  Usually,  higher  reaction  intensity  results  in  a high 
degree  of  compatibilization.  However,  according  to  the  extremely  low  MH  value  shown 
above  for  the  blends  with  high  reaction  intensity,  excessive  concentrations  of  reactive  groups 
might  result  in  poor  processability  and  certain  crosslinking.  Again,  the  intensity  of  the 
interfaced  reaction  should  be  well  controlled  in  order  to  satisfy  both  requirements  of 

The  extrusion  of  the  incompatible  blends  of  PET  and  HDPE  without  the  presence  of 
the  compatibili/er  results  in  grossly  phase  separated  materials  that  are  unusable  for  profile  or 
any  other  application.  Die  swelling  and  melt  fracture  occur  at  all  composition  ratios. 
However,  by  adding  up  to  5%  of  HDPE-g-epoxy  into  the  HDPE/PET  (50(50)  blends, 
smooth  extrusion  is  achieved  and  the  RPM  and  feeding  rate  can  be  increased  without 
disturbing  the  smoothness  of  the  extrusion.  That  means  the  poor  processability  of  the  blends 
caused  by  the  phases  separation  can  be  dramatically  improved  by  the  compatibilization.  By 
adding  up  to  30%  of  HDPE-g-epoxy,  rough  surface  of  the  extrudatc  begin  to  show  up,  which 
indicates  the  extensive  crosslinking  formed  by  the  excessive  interfacia]  reaction.  As  a result, 
the  proper  content  of  HDPE-g-epoxy  for  HDPE/PET  (50/50)  blends  in  order  to  maintain 
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certain  processability  should  be  between  3%  to  30% 

6.3.4  The  Morphologies 

Figure  (6-7)  and  (6-8)  show  the  SEM  pictures  of  the  cryogenic  fracture  surfaces 
without  solvent  etching  of  the  HDPE/graftcd  HDPE/PET  blends  and  their  control  samples 
(HDPE/PET:  35/65  and  50/50).  The  dispersed  and  spherical  particles  with  different 
dimensions  have  been  identified  to  be  HDPE  domains  by  solvent  etching.  For  the  control 
samples  in  both  ratios.  HDPE  has  coarse  morphology  with  larger  domain  sizes  (6-10  pm) 
than  any  compatibilized  sample.  The  large  particle  size,  with  no  evidence  of  adhesion  between 
the  matrix  and  dispersed  phase,  confirmed  the  incompatibility  of  the  two  components.  In 
comparison,  the  compatibilized  blends  show  the  dispersed  HDPE  panicles  as  being  well 
separated  and  with  a much  smaller  and  uniform  size  when  only  5%  of  HDPE-g-epoxy  is 
added.  Adding  additional  amount  of  HDPE-g-cpoxy  resulted  in  smaller  HDPE  particles.  The 
decreasing  domain  sizes  along  with  the  increasing  amount  of  grafted  HDPE  added  are  plotted 
in  Figure  (6-9).  Here,  the  calculation  of  domain  size  is  based  on  the  average  value  of  at  least 
60  dispersed  particles  from  6 SEM  pictures  or  different  areas.  Obviously,  initial  addition  of 
small  amount  of  grafted  HDPE  can  affect  the  domain  size  efficiently  and  make  domain 
particle  in  the  blend  deeply  embedded  in  the  matrix  as  shown  in  Figure  (6-7)  and  (6-8).  It  is 
interesting  to  notice  that  after  the  initial  dramatic  decrease  of  the  domain  size  with  increasing 
amount  of  grafted  HDPE.  the  domain  size  reaches  a constant  value  of  about  0.5  pm; 
increasing  HDPE-g-cpoxy  further  has  no  effect  on  particle  size.  It  is  quite  possible  that  at 
certain  critical  point,  for  example.  1 5%  of  HDPE-g-epoxy.  most  of  the  PET  end  groups  have 
been  consumed.  After  that,  the  extra  addition  of  HDPE-g-cpoxy  does  not  have  any  effect  on 


aiibUizaiion  has  been  widely 


ihc  compatibilization.  The  reduction  of  domain  sires  by  the  compa 
studied  and  used  a judgement  of  the  degree  of  compatibilization.  There  are  many  factors 
contribute  to  this  behavior:  the  copolymer  formed  by  the  interfacial  reaction  reduces  the 
effective  interfacial  tension  in  the  system;  the  chemical  reaction  increases  the  viscosity  of  the 
blends  which  increases  the  applied  shear  stress  during  the  blending;  also  the  presence  of  the 
copolymer  at  the  dispersed  phase  interface  retards  coalescence  which  stabilize  the 
morphology  143).  It  is  difficult  to  say  which  factor  is  most  effective  in  the  decreasing  of 

The  morphologies  of  the  interface  between  HDPE  particles  and  PET  matrix  can  also 

of  interfacial  morphologies  of  control  and  compatibilized  blends.  For  the  uncompatibilizcd 

matrix.  In  addition,  there  are  some  smooth  and  spherical  "pull  out"  holes  on  the  fracture 
surface.  Both  of  these  phenomena  are  the  typical  signs  of  poor  intcrfacial  interaction.  In 
contrast,  the  compatibilized  blend  has  a rough  and  blurred  interface  which  indicates  the  strong 
interaction.  The  chemical  bonding  between  the  two  phases  formed  during  melt  blending 
contributed  to  this  rough  interfacial  morphology.  Figure  (6-1 1)  shows  a very  interesting 
phenomena,  the  intcrfacial  interaction  is  so  strong  that  when  the  sample  is  cryogcnieally 
broken,  the  fracture  surfaces  are  not  the  interfaces  of  the  two  phases  but  the  right  through 
HDPE  phase  itself.  As  an  analogy,  the  graft  copolymer  formed  between  graft  HDPE  and  PET 
is  just  like  a binder  for  the  two  phases.  It  could  hold  the  two  phases  tightly  enough  to  resist 


The  stability  of  the  morphology  is  one  of  the  greatest  advantages  of  the  compatibilized 
blends.  In  this  study  it  is  investigated  by  using  annealing  experiments.  Figure  (6-12  (a)  and 
(c))  arc  the  morphologies  of  uncompatibilizcd  and  compatibilized  blends  without  any 
annealing  processing.  Figure  (6-12  (b)  and  (d»  arc  the  morphologies  of  blends  after  annealing 
at  260C  for  10  min.  The  coalescence  can  be  observed  easily  in  the  uncompatibilizcd  blends 
which  is  caused  by  the  high  interfacial  tension  between  the  phases.  However,  for 
compatibilized  blends,  there  is  almost  no  morphological  change  before  and  after  annealing. 
Many  authors  have  discussed  the  mechanism  of  phase  stabilization  by  comaptibilization  [43, 
98-100],  Basically,  the  intcrfacial  interaction  reduces  the  interfacial  tension,  consequently, 
decreases  the  thermodynamic  driving  force  for  coalescence.  Another  possible  mechanism  is 
the  formation  of  certain  crosslinks  during  the  intcrfacial  reaction  which  trap  individual  domain 
and  hinder  any  possible  coalescence. 


The  crystallization  transition  temperatures  of  the  uncompatibilizcd  and  compatibilized 
blends  are  analyzed  by  DSC  (Rgure  (6-13))  spectra.  There  seem  to  be  no  significant  shift  for 
the  Tc  of  HDPE  component.  However,  the  crystallization  temperatures  of  PET  component 

shill  to  lower  values  and  the  AH- value  decreases  in  proportion  to  the  amount  of  graft 

HDPE  added  (Table  (6-2)).  With  20%  of  grafted  HDPE  added,  the  shift  was  about  6.2°C. 
This  kind  of  Tt  shifting  and  decreasing  of  crystallinity  means  the  intcrfacial  chemical  reaction 
interfered  with  the  crystallization  of  PET  and  altered  the  nature  of  the  phase.  This  could  be 

between  epoxy  of  HDPE-g-cpoxy  and  PET  end  groups.  Thus,  indirectly,  it  has  been  proven 
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again  ihal  Ihc  corapatibOizer  formed  during  Ihe  compounding  is  an  effective  imcrfacial  agcni 


SiricUy  speaking.  Ihe  shifting  of  PET  crystallization  peak  in  DSC  spectra  discussed 
above  could  also  be  attributed  to  the  side  reaction  between  PET  and  residue  GMA  monomer 
or  GMA  oligomer  remaining  in  the  grafted  HDPE  Since  the  grafted  HDPE  used  in  the 
compatibilization  was  not  purified,  there  could  be  certain  amount  of  unpolymerized  GMA 
monomer  and  GMA  oligomer  in  the  grafted  HDPE.  Some  amount  of  them  might  have  been 
vaporized  at  the  vent  pot  of  the  extrusion  system  (as  shown  in  Figure  (4-1)),  but  it  is  still 
quite  possible  that  residual  amounts  of  GMA  or  GMA  oligomer  will  remain  in  the  cxtrudalc. 
The  residue  GMA  monomer  could  consume  some  PET  end  groups  during  the  compounding, 
while  GMA  oligomer,  as  it  has  above  two  epoxy  units,  might  connect  PET  and  extend  PET 
molecular  chains.  This  kind  of  chain  extending  of  PET  might  have  shifted  the  crystallization 
peaks  of  PET  as  illustrated  above.  From  bulk  properties  point  of  view,  the  extending  of  PET 
molecular  chains  might  help  PET  trap  and  stabilize  HDPE  domains,  and  increase  the  tensile 
strength  of  PET  component.  However,  excessive  chain  extending  and  branching  may 
decrease  the  ductility  of  PET  component,  extremely  consume  the  PET  end  groups,  and  form 
a competitive  pair  with  the  main  reaction  of  epoxy  grafted  HDPE  and  PET. 

In  order  to  clarify  the  influence  of  residual  GMA  oligomer  on  the  compatibilizing 
reaction,  a certain  amount  of  GMA  oligomer  was  extruded  with  the  HDPE/PET  (50/50) 
blends.  The  GMA  oligomer  had  M.  of  3,000  by  GPC  measurement  and  was  synthesized  by 


. Figure  (6-14) 
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shows  that  Ihe  T.of  PET  increases  with  Ihe  increasing  amount  of  oligomer.  Obviously,  this 
is  because  of  chain  extending  of  PET  caused  by  chain  knitting  of  GMA  oligomer  .which 
dramatically  increased  the  molecular  weight  of  PET.  As  a result,  GMA  oligomer,  if  remains 
in  the  grafted  HDPE,  could  only  increase  the  Tcof  PET  component  in  the  blend  instead  of 
decreasing  the  Tr  If  PET  chains  extending  caused  by  residue  GMA  oligomer  predominates 
over  the  interfacial  reaction  between  PET  and  grafted  HDPE.  the  Tc  of  PET  component 
should  increase  after  blending  with  grafted  HDPE.  However,  from  DSC  spectra  shown  in 
Figure  (6-13),  the  Tt  of  PET  unidircctionally  shift  to  low  temperature.  Based  on  this 
phenomenon,  it  can  be  concluded  that  the  reaction  between  PET  and  grafted  HDPE  dominate 
over  PET  and  GMA  oligomer.  In  other  words,  under  the  current  grafting  condition,  the 
residual  amount  of  GMA  oligomer  is  so  trivial  that  the  main  reaction  is  still  the  interfacial 
reaction  between  PET  and  grafted  HDPE. 


In  order  to  clearly  indicate  the  effect  of  compalibilmtion  on  the  mechanical 
properties,  compalibilizcd  HDPE/PET  (50f50)  ratio  which  originally  had  the  worst 
mechanical  properties  among  all  of  the  ratios,  is  chosen  to  detect  the  tensile  and  flexural 
properties.  As  shown  in  Table  (6-3),  the  overall  improvement  of  the  mechanical  properties 
after  compatibiHzation  is  very  obvious.  For  tensile  properties,  both  tensile  strength  and 
elongation  at  break  have  been  increased  dramatically.  This  is  attributed  to  improved  adhesion 
in  the  compatibilixed  blends  that  facilitated  stress  transfer  and  increased  the  load-bearing 
capacity.  However,  extra  high  concentrations  of  grafted  HDPE  (35%)  dose  not  result  in 
higher  elongation.  This  is  due  to  the  high  degree  of  crosslinking  caused  by  the  excessive 
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reaction.  The  high  crosslinlting  density  can  also  be  seen  from  its  high  modulus  and  yield 
strength  values  of  the  blends. 

HDPE  has  better  impact  properties  than  PET.  In  this  case,  HDPE  could  function  as 
an  impact  modiBcr  for  PET.  However,  without  any  compatibilization,  the  impact  strength  is 
wry  poor  because  of  the  poor  adhesion  between  the  two  phases.  After  only  10%  of  grafted 

compatibilization  introduced,  the  impact  strength  increased  even  more. 

In  conclusion,  the  compatibihzation  can  bring  in  dramatic  improwments  on  both 
impact  and  tensile  properties.  The  mechanical  properties  improwment  could  be  attributed  to 
many  factors,  especially  to  the  morphologies  as  previously  illustrated.  It  seems  that  the  fine 
and  uniform  distribution  of  the  dispersed  domains  in  addition  to  the  intimate  and  rough 

polymer  compatibilization,  the  relationship  between  morphologies  and  mechanical  properties 
is  not  so  regular.  As  will  be  discussed  in  Chapter  8.  in  some  cases,  a finer  morphology  does 


In  this  study.  HDPE-g-epoxy  are  used  to  compatibilize  the  HDPE/PET  blend.  The 
effect  of  compatibilization  can  be  manifested  by  the  great  improwment  of  the  owrall 
properties  including  processability,  morphology  and  mechanical  properties.  The 
compatibilization  mechanism  is  studied  by  torque  measurement.  DSC  detecting  and 

1.  Compared  to  the  uncompatibilized  contro 


>1  blends. 
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blends  of  HDPE/PET  show  greatly  reduced  HOPE  domain  size,  uniform  domain  distribution, 
and  blurred  interfaces  according  to  the  morphological  study.  This  can  be  attributed  to  the 
copolymer  of  HDPE  and  PET  formed  by  the  chemical  reaction  between  the  grafted  epoxy 
group  on  HDPE  backbone  and  the  end  groups  of  PET.  The  copolymer  functioned  as  a 
compatibilizer  for  the  two  phases  and  effectively  increased  the  interfacial  adhesion,  reduced 
dispersed  phase  size,  and  stabilized  the  morphology. 

2,  Based  on  the  torque  measurement,  it  can  be  concluded  that  most  of  the  reaction 
could  be  achieved  within  the  first  3 mins,  which  could  be  shortened  further  in  the  twin-screw 

the  increasing  graft  ratio  of  the  grafted  HDPE,  but  the  excessive  reaction  might  result  in  the 
poor  processability  of  the  extrudate. 

3,  The  compatibilization  lias  a clear  reflection  on  the  crystallization  transition  of  PET 
component  of  the  blends,  the  peak  position  shifts  to  the  lower  temperature  and  the 
crystallinity  decreases  as  the  degree  of  compatibilization  increases.  The  similar  DSC  study 
was  used  in  the  investigation  of  the  PET  chain  extending,  which  was  caused  by  the  residue 
GMA  oligomer  formed  during  the  grafting.  It  is  concluded  that  the  chain  extending  of  PET 
by  the  GMA  oligomer  is  trivial. 

4,  There  is  an  obvious  improvement  in  mechanical  properties  for  the  compatibilized 
blends  compared  with  the  uncompatibilized  blends.  Both  tensile  and  impact  strength  arc 
dramatically  improved.  The  tensile  testing  indicated  that  there  was  an  optimum  concentration 


uf  grafted  I 


: the  compatibilization. . 
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Figure  (6-1).  The  lorquc  vs.  lime  curves  for  ihc  control  and  compatibilized  HDPE/PET 
(50/50)  blends  with  varied  amount  of  grafted  HDPE  added.  The  graft  ratio  of  grafted 
HDPE:  1.2%.  Temperature  of  the  measuring  head  was  280°C.  RPM:  60. 
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HDPE/HDPE-g-cpoxy/PET : 40110/50 


Figure  (6-2).  The  torque  vs.  time  curves  for  the  compatibilized  HDPE/graftcd  HDPE/PET 
(40/10/50)  blends  with  varied  graft  ratio  of  the  grafted  HDPE,  Temperature  of  the 
measuring  head  was  280"C,  RPM:  60. 
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Figure  (6-3).  Effect  of  grafted  HDPE  concentration  on  the  mixing  torque  at  6 min  of 
mixing  for  HDPE/PET  (50/50)  blends. 


Figure  (6-4).  Effect  of  ihc  graft  ratio  on  the  mixing  lorquc  al  6 min  of  mixing  for 
HDPE/graftcd  HDPE/PET  (40/KV50)  blends. 


10%  of  Grafted  HDPE  (graft  ratio:  1.2%) 


Tile  graft  raio  of  grafted  HOPE  (%) 


The  graft  raio  of  grafted  HOPE  («) 


Figure  (6*6).  (■ ) Effect  of  different  amount  of  grafted  HDPE  (graft  ratio:  1.2%)  on  the 
MF1  values  of  the  HDPE/PET  (50/50)  blends.  (• ) Effect  of  different  graft  ratios  of 
grafted  HDPE  on  the  MFI  values  of  HDPE/grafted  HDPE/PET  (40/10/50)  blends. 


Figure  (6-7).  SEM  Iruclurc  surface  (X2(KHII. 

(a).  Blend  wiih  enmpnsilion:  HDPE/PET  = 35/65  (Cnmrul  sample), 
{hi.  Blend  with  composition:  HDPE/gralied  HDPE/PET  = 32,5/2.5/65. 


(c) .  Blend  wiih  cnmptisiikin:  HDPE/grafted  HDPE/PET  = 311/5/65. 

(d) .  Blend  Will!  cimipnsitiim:  HDPE/gralted  HOPE/PET  = 211/15/65 


Figure  (6-8),  SEM  rraciure  surface  (X3000I, 

(a) .  Blend  with  cmnposiiion:  HDPE/PET  = 50/50  (Cunirnl  sample). 

(b) .  Blend  u’illi  conipusilion:  HDPE/gralied  HDPE/PET  = 45/5/50. 


Figure  (6-8  continued).  SEM  I'racluie  surface  (X3WH)>. 

(c) .  Blend  with  composition:  HDPE/gral'icd  HDPE/PET  = 411/ 1(1/511. 

(d) .  Blend  with  composition:  HDPE/graftod  HDPE/PET  — 35/15/50. 
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Figure  (6-9).  The  decreasing  domain  sizes  along  with  ihc  increasing  amoum  o 
HDPE  for  HDPE/PET  (35/65  and  50/50)  blends. 


Figure  (6- Hit.  The  comparison  of  imcrfaeial  morphology  ol'amlrol  and  compaiibili/ed 
HDPE/PET  (3S/65)  blends.  (a).  The  llncmnpullbili/cd  blcnds(XWKNI),  (b),  Compalihili/cd 
blends  with  591  of  grafted  HOPE  IX IIHKHU. 


Figure  (ft- 1 1).  (a).  The  fracture  surface  of  HDPE/graficd  HDPE/PET  (2(1/15/65)  (X2000). 
(b).  The  larger  inagnificalion  in  ihc  same  area  (X  IO,lKK)h 


Figure  (M2).  Tin:  comparison  or  morphology  slahiliiy  bciwccn  HDPE/PET  (35/65)  blend 
and  HDPE/grafled  HDPE/PET  (311/5/65)  blend,  (a).  HDPE/PET  (35/65)  wilhoul  any 
annealing  (X’lKWI).  (b).  HDPE/PET  (35/65)  with  III  min  annealing  al  261 1’C  (X2000). 


Figure  (6-13).  DSC  spccira  of  comrol  and  compalibiDzcd  HDPE/PET  (35/65)  blends. 

( 1 ) .  HDPE/grafted  HDPE/PET  ( 1 5/20/65),  Tc  of  PET  component  = 19 1 ,6”C. 

(2) .  HDPE/grafted  HDPE/PET  (25/10/65),  Tc  of  PET  component  = 194.7"C. 

(3) .  HDPE/PET  (35/65),  T,  of  PET  component  = 197.S"C. 
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Figure  (6-14).  The  effect  of  GMA  oligomer  on  the  DSC  spectra  of  HDPE/PET  (50/50) 
blends. 

(1) .HDPE/PET/GMA  oligomer  = 50/50/1.  T,  of  PET  is  205.8  "C. 

(2) .  HDPE/PET/GMA  oligomer  = 50/50/0.5,  T«of  PET  is  203.9 "C. 

(3) .  HDPE/PET  = 50/50,  Tc  of  PET  is 200.2 "C. 
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STB:  Strength  at  Break;  E.  to  Failure:  Energy  to  Failure;  STY:  Strength  at  Yield; 

* The  hod  impact  property  was  detected  under  room  temperature  with  notched  specimen. 


CHAPTER  7 

THE  REACTIVE  COMPATIBILIZATION  OF  PVC/POLYOLEFIN  BLENDS 
7,1  Inlroduclion 

In  chapter  6 two  major  components  of  recycled  plastics,  PET  and  HDPE  arc  reactive 
compatibili/cd  using  GMA  grafted  HDPE  (HDPE-g-epoxy).Thc  compatibilizalion  mechanism 
is  based  on  the  inlcrfacial  reaction  of  epoxy  group  of  the  HDPE  phase  with  the  carboxylic 
acid  or  the  hydroxyl  groups  of  PET  end  groups.  In  this  chapter.  GMA  grafted  polyolefins  are 
used  to  compatibilize  two  other  major  components  of  recycled  plastics.  Polyfvinyl  chloride) 
(PVC)  and  polyolefins.  PVC  and  polyolefins  constitute  about  50%  of  all  polymer  waste 
[101].  Due  to  the  thermodynamic  incompatibility  of  PVC  and  polyolefins,  processing  of 
PVC/polyofcfin  mixtures  is  unlikely  to  yield  products  with  usable  mechanical  properties.  This 
incompatibility  is  due  to  the  apolar  molecular  structure  of  polyolefins  and  the  highly  polar 
structure  of  PVC  Early  in  1973,  Paul  [102,  103)  used  chlorinated  PE  (CPE)  as  a 
compalibilizcr  to  upgrade  recycled  PE/PVC  blends.  Later,  Nakamura  applied  the  crosslinking 
technique  to  form  cocrosslinked  product  at  the  PE/PVC  interface  [104],  Francis  [101] 
compared  the  two  most  widely  used  crosslinking  techniques,  peroxide  and  irradiation,  and 
found  that  peroxide  is  more  effective  and  economical  than  the  other.  Further,  Xu  [105, 106) 
employed  nitrile  rubber  (NBR)  and  peroxide  trying  to  form  compatibilization-crosslinking 
synergism  in  PVC/LDPE  blends.  Recently,  Ajji  (107)  used  methylmethacrylate-ethylacrylate 
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copolymer  as  a processing  aid  along  with  various  addilives  such  as  elhylenc-vinylacciale 
copolymers,  cihylene-meUiacrylic  acid  ionomcr  and  peroxide,  lo  compafibilizc  PVOrccyclcd 
polycihylenc  blends.  From  Ihc  wide  variely  of  publications,  it  is  clear  that,  until  now,  there 
was  no  efficient  and  cost-effective  compatibilizcr  available  which  can  be  applied  to 
PVOpolyolcfin  blends  on  a large  scale.  The  copolymers  used  as  compatibilizers  arc  usually 
extremely  expensive  due  to  the  high  cost  synthesizing  route.  The  peroxide  can  cause 
dchalogcnation  of  PVC  although  it  may  possibly  induce  graft  structures  at  the  interfaces  of 
the  blends. 

In  this  part  of  study,  the  author  attempts  to  develop  compafibilized  PVC/polyolefins 
blends  based  on  GMA  grafted  polyolefins  which  arc  synthesized  by  melt  grafting  as  illustrated 
in  chapter  4.  The  reactive  epoxy  groups  can  connect  the  polyolefin  backbones  with  those  of 
other  polymers  by  chemical  bonding,  by  which  the  copolymer  functioning  as  compatibilizcr 

compatibilizalion  has  been  successfully  used  for  polyolcfins/PET  blends  in  Chapter  5.  Unlike 
PET,  however,  PVC  in  this  blending  system  has  no  reactive  sites  to  form  direct  bonds  with 
the  grafted  polyolefins.  In  this  study,  an  indirect  bonding  between  PVC  and  polyolefins  is 
investigated  using  carboxylated  nitrile  rubber  (XNBR)  as  another  reactive  component.  This 

which  has  been  successfully  developed  in  our  research  group.  Basically,  for  this  model,  the 
compafibilized  blends  is  composed  of  four  components,  like  A/A-a/B-b/B  . Here,  the  A and 
B arc  two  polymeis  that  need  to  be  compafibilized;  A-a  and  B-b  are  two  functional  polymers 


polyolefin/PVC  compatibilizalii 
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thermodynamically  miscible  with  PVC  while  the  reactive  carboxylic  acid  groups  of  XNBR  can 
form  chemical  bonds  with  the  epoxy  groups  of  the  grafted  polyolefins.  In  this  way.  the  in  situ 
formed  compatibilizcr,  polyolcfm-g-XNBR,  can  be  generated  during  melt  processing. 

Similar  to  Chapter  6.  the  improvement  of  mechanical  properties  caused  by  the 
compatibilization  and  the  mechanism  of  compatibilization  will  be  discussed  in  detail  in  this 
chapter.  In  addition  the  inlerfacial  chemical  reaction  is  optimized  by  mixing  sequences. 


7 7 1 Materials 

The  polymers  used  in  this  study  included  PP  (Tenite  polypropylene  P5M2Z-012) 
offered  by  Eastman  Chemical  Company.  HDPE  acquired  from  Waste  Alternative  Co.  with 
a MFI  of  5.2  g/10  min,  PVC  (Geon  87444  transparent  pellets  (104)  generously  donated  from 
Gcon  Company,  and  carboxylated  NBR  (XNBR)  acquired  from  Mile  Inc.  Two  kinds  of 
XNBR  are  used:  Kiynac  X 1 .46  having  an  acrylonitrile!  AN)  unit  content  of  3 1-34  wl.%  and 
carboxylic  acid  content  of  1.46  wt,  %,  and  Krynac  X7.50  having  an  acrylonitrile  (AN)  unit 
content  of  27  wt.%  and  carboxylic  acid  content  of  7.5  wt.  %.  The  grafted  polyolefins, 
HDPE-g-epoxy  and  PP-g-epoxy.  were  synthesized  as  described  in  Chapter  4 and  their 
physical  properties  are  listed  in  Table  (7- 1 ). 

7.2.2  Procedures 

Polymer  blends  were  prepared  by  twin-screw  extrusion  (Brabcnder  Plasti-Cordcr 
p 12000)  at  60  rpm  and  I80C.  A t 


stabilizer.  Irganox  B2I5  (Ciba-Geigy.  0.1*), ' 


used  for  the  PP  processing.  The  weigh!  pcrccnls  of  the  blends  ranged  from  XNBR:  5%;  PVC: 
20%;  grafted  polyolefins:  10-30%;  polyolefins:  35-65%.  XNBR  was  cryogcnically  crushed 
lo  powder  before  processing.  When  preparing  XNBR  coated  PVC  particles,  the  PVC  was 
ground  to  a powder  first  and  then  XNBR  dissolved  in  methylene  chloride.  The  PVC  powder 
was  then  coated  with  the  XNBR/mcthylene  chloride  solution  and  then  the  solvent  was 
vaporized  in  vacuum  ovea  After  blending,  the  extrudale  was  water  quenched  and  pelletized. 
The  pelletized  blends  were  dried  in  air  and  then  transferred  to  a compression  molder  to  be 
pressed  into  tensile  specimens  at  170"C  under  2000  lb  for  15  min. 


Tensile  testing  was  carried  out  at  room  temperature  according  to  ASTM  D638  and 
at  a strain  rate  of  2 in/min.  Notched  lzod  impact  tests  were  conducted  according  to  ASTM 
D256.  All  test  specimen  were  injection  molded  at  3000  psi  to  a thickness  of  6.98  mm.  For 
morphological  evaluation,  the  blends  were  cryogenically  broken  in  liquid  nitrogen  and 
examined  by  scanning  electron  microscopy  (SEM)  after  coating  with  a thin  gold  film.  The 
melt  flow  index  (MF1)  of  the  blends  was  measured  accotding  to  ASTM  D 1238  using  a Tinius 
Olsen  extrusion  plastomctcr.  The  torque  values  used  to  investigate  the  interfacial  reaction 
were  detected  by  using  a Brabcndcr  measuring  head  driven  by  a Brabcnder  plasti-corder 
p!2000.  The  temperature  of  the  measuring  heading  was  kept  at  180°C  while  the  blades  rotated 
at  60  rpm.  The  torque  data  were  acquired  by  a PC  computer.  FTIR  was  conducted  using 
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7 5 Results  and  Discussion 


In  this  investigation,  giycidyi  mcthacryate  (GMA)  grafted  HOPE  and  PP  (HDPE-g- 
epoxy  and  PP-g-epoxy)  are  used  as  grafted  polyolefins  in  the  compatibflization.  The  details 
of  the  melt  grafting  and  its  advantages  are  discussed  in  Chapter  4.  Table  (7-1)  summarises 
information  about  the  grafted  HOPE  and  grafted  PP  used  in  this  study.  The  peroxide  used  in 


degradation  of  the  PP  resulting  in  a low  or  a high  MFI  value,  respectively.  The  crosslinked 
PP-g-epoxy  which  was  synthesized  in  Chapter  5 is  also  used  in  this  study  in  order  to  see  the 
effects  of  the  crosslinks  of  the  grafted  PP  on  the  coropatibilization.  The  crosslinked  PP-g- 
epoxy  has  a lower  graft  ratio  than  degraded  PP-g-epoxy,  however,  it  has  superior  mechanical 
and  rheological  properties  as  illustrated  in  Chapter  5. 


The  theoretical  base  for  the  design  of  this  compatibilized  blending  system  is  that  PVC 
is  totally  miscible  with  nitrile  butadiene  rubber  (NBR)  if  the  acrylonitrile  content  of  NBR  is 
higher  than  23%  [1081.  For  the  carboxylated  NBR,  although  it  has  small  amount  of 
carboxylic  unit  on  its  backbone,  it  docs  not  interfere  with  this  miscibility  [ 109).  Meanwhile, 
the  carboxylic  acid  groups  offer  the  potential  chemically  reactive  site  for  the  PVC/XNBR 
phase  to  form  interfacial  bonding  with  the  epoxy  grafted  polyolefin  phase  by  esterification 
(Figure  (7-1)).  This  reaction  results  in  the  binding  between  the  two  originally  immiscible 
polymer  phases. 


grafting  results  in ; 


i small  amount  of  crosslinking  in  the  grafted  HDPE  and  some  thermal 
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There  are  complicated  physical  and  chemical  interactions  among  the  four  components 
(polyolefin,  grafted  polyolefin,  XNBR  and  PVC)  of  this  blend  during  melt  processing. 
Besides  the  chemical  bonding  formed  between  the  carboxylic  acid  groups  of  XNBR  and  the 
epoxy  groups  of  grafted  polyolefins  described  above,  the  other  major  interactions  are 
classified  below: 

1.  XNBR  and  PVC  (strong  specific  interaction) 

There  arc  numerous  publications  about  the  miscibility  of  NBR  and  PVC  (109-1 1 1], 

found  that  the  critical  acrylonitrile  (AN)  content  to  form  a total  miscible  blending  system  with 
PVC  is  23%  (108].  It  has  recendy  been  reported  [1 12)  that  NBR/PVC  blends  can  also  be  sclf- 

2.  XNBR  and  HDPE  (Interaction  in  crystalline  region) 

In  the  past,  NBR  was  believed  to  be  incompatible  with  polyolefins,  especially  for 
NBR  with  high  AN  content.  However,  recently  it  has  been  reported  that  when  NBR  chains 
are  forcefully  dispersed  with  PE  during  melt  blending,  they  are  not  able  to  separate  entirely 
from  the  HDPE  phase  before  HDPE  crystallizes.  The  NBR  chains  become  trapped  by  the 
crystalline  region  when  the  blend  is  cool  (113).  Therefore,  the  NBR  with  high  AN  content 
used  in  this  study  can  be  confidently  assumed  to  have  certain  interactions  with  the  HDPE 
crystalline  region. 

3.  Polyolefui-g-cpoxy  and  PVC  (weak  specific  interaction) 

Because  of  the  apolar  nature  of  the  polyolefin  molecular  chain,  the  specific 
interactions  between  PVC  and  polyolefin  phases  are  very  weak  compared  with  the  specific 
interactions  between  XNBR  and  PVC.  However,  melt  grafting  the  polyolefins  by  GMA  can 
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increase  the  polarity  of  the  polyolefins  facilitating  miscibility  between  the  polyolefins  and 
PVC.  Also,  the  number  and  the  length  of  the  grafted  GMA  chain  can  greatly  affect  this 

Bcnedelti  [114]  in  his  investigation  on  a di-n-butyl-phthalatc  (DBP)  grafted 
polyolcfin/PVC  system  pointed  out  that  DBP  gives  rise  to  interaction  with  PVC  mainly 
through  a hydrogen  bond  between  the  carbonyl  group  of  DBP  and  the  methine  hydrogen  of 
PVC.  It  is  shown  that  the  dipole-dipole  interaction  of  the  type  -C=0 — Cl-C-  could  also  be 
involved.  Since  the  grafted  GMA  has  a similar  ester  structure  to  DBP,  it  is  safe  to  infer  that 
there  should  be  a similar  specific  interaction  between  PVC  and  the  GMA  grafted  polyolefin. 
In  a very  recent  publication,  D'Alessio  [115]  studied  the  interaction  between  grafted  polyester 
and  PVC  and  noticed  that  the  high  mobility  of  the  grafted  ester  groups  improves  the  specific 
interaction.  In  our  case,  since  the  polyolefin-g-cpoxy  has  a grafting  structure,  the  pendent 
polyfglycidyi  methacrylate)  may  have  higher  possibilities  of  forming  interactions  with  the  PVC 
component  than  the  commonly  used  block  or  random  copolymers.  Figure  (7-2)  shows  the 
proposed  mechanism  of  the  interaction  for  grafted  polyolefin  and  PVC. 


As  mention  before,  XNBR  offers  chemical  bonding  between  polyolefin  and 
PVC/XNBR  phases  because  of  its  miscibility  with  PVC  and  its  chemical  interactions  with 

property  of  the  blend;  it  also  increases  the  melt  viscosity  during  the  melt  processing, 
increasing  the  shear  force  and  making  the  components  well  dispersed.  Xu  [106]  used  NBR 
in  his  PVC/LDPE  blending  and  found  that  NBR  upgrades  the  phase  dispersion  and  decreases 
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improvement  of  tensile  properties  for  PVC/HDPE  blends  brought  by  the  addition  of  XNBR 
in  this  study.  As  shown  in  Figure  (7-3).  when  5%  of  XNBR  is  added,  tensile  strength  and 


quasi-compatibilizcr  for  the  blend.  Unfortunately.  XNBR  has  poor  tensile  strength;  after  5% 
of  XNBR  is  added,  any  increase  in  XNBR  content  decreases  tensile  strength  although  the 
elongation  at  break  increases.  In  this  study,  the  amount  of  XNBR  is  kept  at  5%  in  order  to 
keep  the  highest  tensile  strength. 


Table  (7-2)  lists  the  improved  tensile  properties  for  the  uncompatibilized  control 
sample  and  compalibilized  blends.  The  HDPE/PVC(80/20)(control  1)  blend  has  rather  poor 
tensile  properties,  especially  with  respect  to  its  elongational  property  owing  to  the 
incompatibility  of  the  components.  When  5%  XNBR  is  added  without  any  grafted  HDPE 
(control  2),  tensile  strength  and  elongation  at  break  increase  to  a certain  extent,  revealing  that 
XNBR  can  improve  interfacial  adhesion. 

When  only  5 % epoxy  grafted  HDPE  is  added,  the  tensile  properties  of  the  blend 
increase  significantly.  In  this  case  XNBR  connects  to  HDPE  both  by  the  trapping  within 
crystalline  regions  and  by,  more  efficiently,  the  formation  of  chemical  bonds  between 
carboxylic  groups  and  epoxy  groups. 

tensile  specimen  were  prepared  by  cor 
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crystallization  made  the  overall  values  of  elongation  low.  However, 
the  compatibilized  and  uncompatibilized  blends  are  dramatic. 

There  arc  also  certain  improvements  of  tensile  properties  for  compatibilized  PP/PVC. 
but  not  50  extreme  as  the  HDPE/PVC  blends  (Table  (7-3)).  This  could  be  due  to  the  low  graft 
ratio  of  PP-g-cpoxy  (0.75%).  Another  possible  reason  is  the  low  melt  viscosity  of  degraded 
PP-g-epoxy  (MF1: 67.8  g/10  ram)  which  makes  it  difficult  to  disperse  into  PP  or  PVC  phases. 
Table  (7-4)  compares  the  differences  of  mechanical  properties  of  PP/PVC  blends 
compatibilized  by  degraded  PP-g-epoxy  and  crosslinked  PP-g-cpoxy.  There  are  certain 
improvements  in  strength  at  break  (STB),  modulus,  and  strength  at  yield  (STY),  especially 
the  clongational  properties  for  the  crosslinked  PP-g-epoxy  compatibilized  blend.  Since  the 
graft  ratios  of  the  degraded  PP-g-epoxy  is  higher  than  that  of  crosslinked  PP-g-cpoxy  (as 
shown  in  Table  (7-1)).  the  only  possible  cause  of  the  better  tensile  properties  of  blends 
compatibilized  by  crosslinked  PP-g-cpoxy  could  be  their  different  meh  viscosities.  As  it  is  well 
known,  the  viscosity  ratio  is  a controlling  parameter  in  the  micromcchanics  of  the  melt  drop 
breakup.  The  viscosity  similarity  between  crosslinked  PP-g-epoxy  and  pure  PP  facilitated  PP- 
g-cpoxy  homogeneously  disperses  into  PP  phases.  For  degraded  PP-g-cpoxy,  its  much  lower 
melt  viscosity  makes  it  agglomerate  during  its  melt  blending  with  pure  PP  and  PVC,  and 
function  as  a lubricant  for  PP  phase.  As  the  shearing  force  which  afTccted  the  PP  phase  is 
weak,  the  phase  dispersion  of  PP  phase  is  insufficient  which  results 


i in  poor  compatihilizing 
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As  shown  in  Figure  (7-1),  the  inlcrfaciai  reaction  resulls  in  ester  bonding  and 
hydroxyl  groups;  the  epoxy  groups  and  carboxylic  acid  groups  are  consumed.  Unfortunately, 
both  newly  formed  ester  and  hydroxyl  groups  are  covered  by  the  original  ester  groups  of  the 
GMA  and  the  hydroxyl  groups  of  the  XNBR  and  cannot  be  used  as  a judgement  of  the 
reaction.  In  addition,  the  epoxy  group  has  no  strong  absorption  in  the  FTIR  spectrum  and  is 
difficult  to  discriminate.  However,  the  consumption  of  the  carboxylic  group  can  be  detected 
by  the  decreasing  absorption  of  the  carbonyl  group  ( 1700  cm  ')  which  is  not  covered  by  the 
carbonyl  group  from  GMA  (1730  cm'1).  Figure  (7-4)  shows  the  FTIR  spectra  of 
compatibilized  blend  (PP/grafted  PP/XNBR/PVC<60/ 1 5/5/20))  and  control  blend 
(PP/XNBR/PVCC75/5/20)).  Comparing  the  control  and  compatibilized  samples,  both  have 
a strong  absorption  around  1731  cm-'  corresponding  to  the  carbonyl  stretching  vibration  of 
the  ester  structure  [116]  relating  to  the  ester  structure  of  GMA  or  those  formed  by  the 
reaction.  For  the  control  spectrum,  there  is  also  a small  peak  at  1700  cm-1  corresponding  to 
the  carbonyl  stretching  vibration  of  R-CO,H  structure  (116].  This  peak  disappears  in  the 
spectrum  of  the  compatibilized  sample,  while  the  carbonyl  stretching  peak  of  die  ester 
structure  becomes  strong.  The  disappearance  of  carbonyl  stretching  absorption  of  the  R- 
COjH  characteristic  peak  and  the  intensification  of  the  ester  peak  indicates  that  the  carboxylic 
acid  group  on  the  XNBR  backbone  has  been  consumed  by  the  reaction  with  epoxy  group  and 


sing.  Thus  indirectly,  FTIR 


Torque  value  delecting  of  ihe  reactive  blending  system  is  another  widely  used  method 
to  qualitatively  determine  the  presence  and  intensity  of  inlerfacial  reactions  [43, 1 17).  In  this 

reaction  between  the  epoxy  groups  and  carboxylic  acid  groups.  In  order  to  excluded  the  effect 
from  the  GMA  oligomer  formed  during  grafting,  the  grafted  polyolefins  were  purified  by 
precipitating  from  hot  toluene  in  methanol.  Figure  (7-5  b)  shows  Brabender  torque  plots  as 
a (unction  of  mixing  time  for  the  control  and  compatibilized  PVC/HDPE  blends.  According 
to  the  plot,  PVC/XNBR/HDPE  (20/5/80)  (control  sample  2)  has  a higher  torque  level  than 
PVC/HDPE  (20/80)  (control  sample  1).  Obviously,  XNBR  efficiently  increases  Ihe  melt 
viscosity  of  the  blend  and  consequently  increases  the  shear  force  during  processing.  The 
compatibilized  blends  demonstrate  a substantially  higher  torque  level  than  both 
uncompalibilizcd  control  1 and  dispersion  upgraded  control  2.  As  the  torque  level  of  the 
individual  component  arc  much  lower  than  that  of  the  compatibilized  blends,  this  kind  of 
increment  is  only  due  to  the  inlerfacial  chemical  reaction  which  forms  HDPE-g-XNBR  graft 
copolymer  at  the  interface  functioning  as  the  compatibilizcr  for  the  blend.  Typically,  after  12 
min.  the  torque  stabilizes  and  no  further  changes  occur. 

For  the  control  and  compatibilized  PP/PVC  blends  (Figure  (7-5  c),  a similar 
phenomena  is  observed.  The  compatibilized  blends  have  higher  torque  levels  than  both 
control  samples,  although  PP-g-epoxy  added  for  compatibilization  has  a much  lower  torque 
level  than  any  other  component  as  shown  in  Figure  (7-5  a).  Unlike  HDPE/PVC  blends,  the 
PP/grafted  PP/XNBR/PVC  results  in  slightly  decreased  torque  values  after  long  time  mixing 
(>15  min).Thc  likely  reason  for  this  Is  the  degradation  acc 


eelerated  by  the  residual  peroxide. 


weight  of  the  blend  can  no  longer  compensate  for  the  low  molecular  weight  of  degraded  PP. 

The  interfacial  reaction  is  confirmed  further  by  the  decreasing  melt  flow  index  (MFI) 
values  of  the  blends  with  the  addition  of  grafted  polyolefins  (Figure  (7-6));  this  indicates  that 
the  increasing  molecular  weight  is  caused  by  the  esterification  reaction  and  higher  interfacial 

The  effect  of  compalibilization  on  morphology  is  shown  in  Figures  (7-7)  and  (7-8). 
The  uncompatibilizcd  HDPE/PVC(8(V20)  blends  (control  1)  have  a much  bigger  domain  size 
than  HDPE/XNBR/PVC  (80/5/20)  blends  (control  2)  (Figure(7-7),  obviously,  the  high  shear 
force  caused  by  the  addition  of  XNBR  effectively  reduces  the  PVC  domain  size.  When  10% 
of  HDPE-g-cpoxy  is  added  (Figure  (7-8  b),  PVC  domain  size  is  dramatically  reduced  because 
of  them  silu  formed  compalibilizer.  Further  additions  of  grafted  HDPE  to  the  blend  (Figure 
(7-8  c))  results  in  smaller,  more  dispersed  particles.  Another  morphological  feature  of  the 
compatibilizcd  blends  is  the  uniform  dispersion  and  narrow  distribution  of  domain  size.  The 
smaller  domain  size,  homogenous  dispersion,  and  narrow  domain  size  distribution  contribute 
to  the  improved  mechanical  properties  of  the  compatibilizcd  blends  as  illustrated  before. 
Theoretically,  PVC  and  XNBR  should  form  one  phase  because  of  their  miscibility,  but  during 
mixing,  it  is  possible  that  some  of  the  XNBR  has  no  chance  to  contact  the  PVC  and  forms  a 
separated  phase.  The  domains  in  the  SEM  pictures  might  be  PVC.  XNBR  or  PVC/XNBR 
the  majority.  However,  it  is  clear  that  the  minor 
and  dispersed  uniformly  in  the  polyolefin  matrix. 


tides,  with  PVC/XNBR  being 
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7.3.6  Maximizing  the  Inlcrfacial  Reaction  by  Different  Mixing  ScflHgntSS 

The  effects  of  different  sequences  of  component  addition  on  blend  compatibilization 
arc  studied  in  some  recent  publications  [1 18, 119, 921.  It  is  clear  that  the  in-situ  formation 
of  the  compatibilizer  and  its  distribution  can  be  affected  by  different  sequences  and  modes  of 
component  addition  192].  In  this  study,  the  prerequisite  for  the  formation  of  the  compatibilizer 
(polyolefin-g-XNBR)  is  that  the  epoxy  grafted  polyolefins  and  the  XNBR  component  have 
enough  opportunity  to  disperse  to  the  interfaces  of  the  polyolefins  and  the  PVC  so  that  they 
can  react  with  each  other.  Since  both  grafted  polyolefins  and  XNBR  are  minor  components, 

according  to  the  statistics.  In  order  to  optimize  the  phase  dispersion  and  the  reaction 
probability,  different  mixing  sequences  and  mixing  modes  arc  studied  as  listed  below  so  that 

components,  and  the  dispersion  effects  can  he  changed. 

Sequence  1 : [HDPE  + HDPE-g-epoxy  + XNBR  + PVC]  (one-step). 

Sequence  2:  (HDPE  + HDPE-g-cpoxy  + XNBR)  + PVC  (two-step). 

Sequence  3:  (HDPE  + HDPE-g-cpoxy]  + XNBR  coaled  PVC  powder  (two-step). 
Sequence  4:  [PVC  + XNBR]  + HDPE  + HDPE-g-epoxy  (two-step). 

Sequence  5:  (HDPE  + HDPE-g-epoxy]  + [XNBR  + PVC]  (three-step). 

Sequence  6:  [HDPE-g-cpoxy  + XNBR]  + HDPE  + PVC  (two-step). 

[A+B]  +C  +D:  A and  B arc  extruded  first,  then  the  pellets  of  A/B  arc  extruded  with 
CandD; 

[A  + B + C + D]:  A,  B.  C and  D are  dry  mixed  first  then  extruded  together; 
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(A  + B]  + [C  + D]:  A and  B are  extruded  Erst,  then  C and  D are  extruded.  The  pellcls 
of  A/B  and  C/D  arc  dry  mixed  and  extruded  together. 

In  sequence  1.  all  of  the  components  are  added  together  in  the  extruder.  It  is  the  most 
convenient  and  popular  method  for  compounding.  Sequence  2,  4,  6 are  two-step 
compounding  methods  where  the  four  components  of  the  blends  are  paired  up  in  order  to  see 
the  best  combination.  In  sequence  3,  XNBR  is  first  dissolved  in  methylene  chloride  solvent 
then  coated  onto  PVC  powder  so  that  the  PVC  particles  have  a XNBR  film  outside. 
Sequence  6 is  designed  to  provide  the  maximum  probability  of  the  two  reactive  components 
to  react  with  each  other,  then  the  major  components  arc  introduced  later.  Sequence  5 is  a 
three-step  processing:  the  two  major  phases  are  formed  during  a two-step  precompounding, 
then  are  compounded  together  in  a third  step. 

As  the  domain  size,  elongation  properties  and  impact  strength  directly  reflect  the 
degree  of  compatibilization,  the  comparison  among  these  sequences  is  carried  out  by  studying 
these  properties.  Figure  (7-9)  shows  the  SEM  morphologies  of  blends  by  the  different 
sequences.  Figure  (7-10)  shows  the  comparison  of  impact  properties  and  elongation 
properties. 

system  should  have  the  chemical  reaction  maximized  at  the  interfaces  of  PVC  and  HDPE 
phases,  which  means  the  epoxy  groups  and  carboxylic  groups  should  be  aggregated  at  the 
interfaces.  Sequence  3 is  designed  to  make  apolar  HDPE  and  HDPE-g-epoxy  (apolar 
backbone  and  polar  grafted  GMA  unit)  mixed  first  so  that  the  polar  and  reactive  GMA  units 
can  stretch  out  to  the  surface  of  the  apolar  HDPE  phase.  Obviously,  the  grafting  structure 
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facilitates  this  kind  of  stretching  and  makes  the  reactive  groups  pendant  outside  of  the  HDPE 
phase.  In  the  second  step  or  compounding,  the  XNBR  has  been  coated  onto  the  surface  of 

most  of  the  reaction  takes  place  at  the  interfaces.  Dagli  192],  in  his  recent  paper,  studied  the 
mixing  sequences  of  HDPE/Ethylcne-co-glycidyl  methacrylate  (EGMA)/PET  blends  and 
concluded  that  precompounding  polar  EGMA  with  apolar  HDPE  component  results  in  a finer 
morphology  and  higher  mechanical  properties  compared  with  other  sequences.  He  attributes 
this  phenomena  to  the  preferred  orientation  of  the  polar  GMA  unit  to  the  HDPE  surface.  In 
this  study,  even  though  there  are  four  components,  the  similar  phenomena  is  observed  and  the 
same  explanation  can  be  applied.  This  kind  of  phenomena  was  also  illustrated  by  Willis  and 
Favis  1 120]  in  their  polyolcfin/polyamidc  blends  with  an  ionomcr  as  the  compatibilizcr.  They 
concluded  that  when  one  component  of  the  blend  is  polar  and  the  other  is  apolar, 
precompounding  the  compatibilizer  (polar)  with  the  apolar  component  resulted  in  a higher 
degree  of  compatibilization.  As  a result,  it  seems  that  the  surface  orientation  of  the  reactive 
groups  caused  by  the  different  polarity  of  tractive  groups  and  its  supporter  or  matrix  is  crucial 
in  designing  the  proper  mixing  sequence. 

The  second  most  successful  mixing  method  is  sequence  2.  In  this  case,  XNBR  is 
mixed  with  HDPE  and  grafted  HDPE,  then  recompounded  with  PVC.  The  reason  for  the 
success  of  this  sequence  is  quite  similar  to  the  explanation  given  previously.  When  HDPE, 
grafted  HDPE  and  XNBR  arc  prccompounded,  two  phases  arc  formed:  One  is  HDPE/grafted 
HDPE  phase  with  polar  GMA  units  on  the  surface,  the  other  is  XNBR  with  the  polar  AN  and 
carboxylic  groups  oriented  toward  the  interface  of  the  two  phases  because  of  the  attraction 
of  the  polar  GMA  units  on  the  surface  of  HDPE  phase.  Since  the  two  reactive  groups 
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accumulate  on  the  interfaces,  during  the  first  compounding,  the  interfacial  reaction  is 
maximized.  As  the  reaction  system  is  diluted  by  the  large  amount  of  HDPE,  there  is  no 
excessive  reaction  between  the  two  reactive  components,  consequently,  crosslinking  caused 
by  excessive  reaction  is  not  a problem  for  this  sequence. 

From  an  economical  and  simplicity  of  processing  point  of  view,  sequence  1 is  the  best 
choice.  Surprisingly,  the  overall  mechanical  properties  and  domain  sizes  are  fairly  good 
despite  its  simple  procedure.  In  this  case,  separated  melting  or  softening  of  the  components 
could  be  an  explanation.  It  is  well  known  that  HDPE  with  its  high  crystallinity  melts  in  a 
short  time  period,  while  the  softening  of  amorphous  and  rigid  PVC  would  last  a longer  time 
in  the  extruder.  When  the  four  components  arc  added  to  the  extruder  at  the  same  time,  HDPE 
and  grafted  HDPE  arc  completely  molten  first,  then  XNBR  softened,  and  finally  PVC 
softened.  This  kind  of  melting  and  softening  sequence  causes  a very  similar  situation  to 
sequence  2 where  HDPE,  grafted  HDPE,  and  XNBR  arc  precompounded  then  PVC 
introduced. 

From  the  above  sequences,  we  can  see  that  the  success  of  these  compatibilizations  can 
be  attributed  to  the  aggregation  of  reactive  groups  at  the  interfaces.  The  maximizing  of  epoxy 
concentration  at  interface  is  achieved  by  the  different  polarity  of  the  GMA  units  and  the 
HDPE  matrix,  while  the  XNBR  concentration  at  interface  is  achieved  by  physical  surface 
coating  or  the  different  softening  sequence  of  XNBR  and  PVC. 

Sequence  5 has  a inferior  morphology  and  properties  than  the  above  three  sequences 
although  it  is  a 3-stcp  sequence.  In  this  sequence.  PVC  and  XNBR  arc  deliberately  mixed 
separately  in  otder  to  have  XNBR  dispersed  well  in  the  PVC  phase.  However,  when 
PVC(20%)  and  XNBR<5%)  are  mixed,  the  butadiene  part  of  XNBR.  an  apolar  segment, 
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prefers  lo  orient  to  (he  surface  of  the  PVC  phase  while  the  carboxylic  group,  which  is  Ihe 
polar  structure,  lends  to  be  enveloped  inside  the  PVC  phase  instead  of  stretching  out. 
Although  the  second  compounding  makes  the  GMA  unit  on  the  surface  of  the  HDPE  phase, 
it  has  a lower  chance  of  contacting  with  the  enveloped  carboxylic  group.  This  might  cause  the 
properties  of  this  sequence  to  be  inferior  to  the  above  three  sequences.  Also,  it  is  a 3-step 
sequence  with  two  compoundings  of  PVC  and  XNBR  which  may  cause  crosslinks  between 
PVC  and  XNBR  [112]  or  in  XNBR  itself:  this  could  trap  the  XNBR  phase  and  prevent  it 
from  dispersing  to  the  PVC  surface.  In  addition,  die  dchalogenation  of  PVC  during  the  long 

At  first  glance,  sequence  6 could  easily  be  regarded  as  the  best  design  because  the  two 
rcacdvc  components,  grafted  HDPE  and  XNBR,  have  the  most  probability  of  reacting  with 
each  other  to  maximize  the  reaction.  The  reaction  is  do  maximized,  however,  not  necessarily 
at  the  interface.  The  more  serious  problem  of  this  sequence  is  the  difficulty  in  controlling 
excessive  reactions,  which  may  cause  crosslinking  and  make  the  formed  HDPE-g-XNBR 
copolymer  difficult  to  disperse  into  PVC  and  HDPE  phases  because  of  its  high  crosslinking 
density  and  high  melt  viscosity.  A similar  phenomena  has  been  observed  in  other  studies  [119, 
92).  These  results  indicates  that  the  esterification  reaction  should  not  only  be  maximized,  but 
also  controllable  and  happening  at  the  interface  in  order  to  achieve  the  optimal 

the  SEM  picture  (Figure  (7-9  d)),  it  has  a relatively  large  domain  size  compared  with  all  other 
sequences.  As  explained  for  sequence  5,  in  precompounding  XNBR  and  PVC,  the  carboxylic 
groups  tend  to  be  enveloped  inside  the  PVC  phase.  When  HDPE  and  grafted  HDPE  are 
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iniroduccd  during  the  second  compounding,  the  low  content  of  grafted  HOPE  (15%)  reduces 
the  probability  of  its  dispersion  to  interface  and  its  reaction  with  the  enveloped  carboxylic 
group  of  XNBR.  Consequently,  there  is  not  enough  in  situ  formed  compatibilizcr  and  the 
blend  is  almost  uncompatibilizcd. 

7.3.7  XNBR  with  High  Acrylonitrile  and  Low  Carboxylic  Acid  Contents 

In  order  to  achieve  a successful  compatibilization,  XNBR  should  not  only  be  surface 
accumulated,  but  also  dispersed  in  and  miscible  with  the  PVC  phase.  Although  the  critical  AN 
content  is  23%  for  total  miscibility  with  PVC,  high  AN  content  can  increase  the  polarity  of 
XNBR  and  consequently  strengthen  its  specific  interaction  with  epoxy  grafted  polyolefins  and 
PVC.  Also  it  makes  XNBR  disperse  easily  into  the  PVC  phase. 

The  XNBR  used  above  is  Krynac  X7.50  (carboxylation:  7.5%,  AN  content:  27%) 

X1.46NBR  (carboxylation:  1.46%,  AN  content:  31-34%)  which  has  a much  lower 
carboxylation  degree,  but  a higher  AN  content  making  it  easier  to  form  a miscible  phase  with 
PVC.  A comparison  of  mechanical  properties  between  these  blends  with  two  kinds  of  XNBR, 
is  listed  in  Table  (7-4).  X7.50NBR  appears  to  improve  the  properties  more  than  X1.46NBR 
for  the  given  Mend  ratio.  X7.50NBR  has  a higher  carboxylic  acid  content,  therefore  the  higher 
content  of  reactive  groups  leading  to  a higher  probability  of  interfacial  reaction.  On  the  other 
hand,  the  higher  miscibility  of  XI. 46NBR  with  PVC  docs  not  seems  to  bring  an  obvious 
benefit  to  the  compatibilization  compared  with  the  high  concentration  of  reactive  groups.  In 
a conclusion,  if  the  AN  content  of  XNBR  is  higher  titan  the  critical  content  (23%),  the  high 


iity  between  carboxylic  group  and  i 


' group  plays  a mo 
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ihc  high  specific  interactions  between  PVC  and  XNBR  or  XNBR  and  grafted  GMA  unit  on 
the  polyolefin  backbone. 


In  this  chapter,  Polyolcfin/PVC  blends  arc  compatibilized  by  using  epoxy  grafted 
polyolefins  and  carboxylated  nitrile  rubber  (XNBR)  as  reactive  components,  following 
conclusions  are  drawn: 

1,  The  in  situ  formed  compafibilizer  by  dual-functional-polymcr  model,  polyolefin-g- 
XNBR,  can  effectively  compatibilize  polyolefin  and  PVC  phases  resulting  in  a dramatic 
improvement  of  mechanical  and  morphological  properties.  For  the  comparison  of  mechanical 
properties,  the  most  dramatic  improvements  is  the  elongation  property,  which  directly  reflect 
the  success  of  this  compatibilization  method. 

2.  The  proposed  compatibilization  mechanism  is  the  intcrfacial  reaction  between  the 
carboxylic  acid  groups  of  XNBR  and  the  epoxy  group  of  the  grafted  GMA  unit  on  the 
polyolefin  backbone.  This  reaction  is  confirmed  by  comparison  of  FT1R  spectra,  torque  values 
and  melt  flow  index  values  of  the  uncompatibilized  control  blends  and  the  compatibilized 


3.  Based  on  the  published  studies  of  different  blending  systems,  the  mixing  sequences 
selecting  proper  mixing  sequences.  The  most  successful  mixing  sequence  is  the  one  having 
HDPE  and  PVC  so  that  the  in  situ  compafibilizer  can  be  formed  at  the  interfaces.  The 


rices,  play . 
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important  role  in  this  surface  accumulation. 

4.  Two  kinds  of  XNBR  are  used  in  the  compatibilization.  Krynac  X7.50.  with  high 
carboxylic  content  and  low  AN  content,  results  in  belter  properties  than  that  of  low 
carboxylic  content  and  high  AN  content  Krynac  X1.46.  It  is  concluded  that  if  the  AN  content 
of  XNBR  is  high  enough  to  keep  its  miscibility  with  PVC,  the  degree  of  compatibilization  of 
the  blends  is  dependent  on  the  probability  of  interfacial  chemical  reaction. 
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PVC  XNBR  Mjolcrin-j-cpoiy  I 


Figure  (7-1).  The  chemical  I 


i PVC  phase  and  polyolefin  phase. 
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Figure  (7-2).  The  proposed  specific  interactions  between  grafted  polyolefin  and  PVC. 
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PVOHDFe  I’MOI 


. al  break  (MPa)  ---  Slrain  al  break  <%)  | 


Figure  (7-3).  The  influence  of  XNBR  on  the  mechanical  properties  of  PVC/HDPE  (20/80) 
blends. 


Figure  (7-4).  The  FTIR  specira  for 

(a) .  The  compatibilizcd  PP/grafted  PP/XNBR/PVC(65/15/5/20)  blend. 

(b) .  The  comrol  PP/XNBR/PVC  (75/5/20)  blend. 
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Figure  (7-5  continued).  The 
PP/PVC  blends. 


• (b).  Control  and  compatibilbed 


Figure  (7-5  continued).  The  torque  measurements  for  (c).  Control  and  compatibilizcd 
HDPE/PVC  blends. 
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(Polyolefin  + grafted  polyolefin)  = 15%',  XNBR  = 5%;  PVC  = 20% 


Figure  (7-XI.  SEM  fracture  surface  [X. '01X11. 

(a).  Blcml  with  composition:  HDPE/XNBRyPVC'  (X(  1/5/211). 

(hi.  Blend  wilh  composition:  HDPE/graflcd  HDPE/XNBR/PVC  (7H/1W5/20). 


Figure  (7-8  continued).  SEM  fracture  surface  (X3IHX)) 

(c).  Blend  with  composition:  HDPE/grafted  HDPE/XNBR/F'VC  (45/35/5720). 


Figure  (7->)  cominucdl.  SEM  I'raciurc  surface  i.rHDPE/graiicJ  HDPE/XNBR/PVC 
(45/35/5/20)  blends  hydiflerem  sequences  (X3IHKU. 

(c).  Sequence  5:  (0.  Sequence  fi. 


I M laxl  Impact  strength  (It-lb/m.)  [~l  Tensile  strain  (%) 


Figure  (7-10).  The  comparison  of  Izod  impacl  and  elongation  properties  for  Ihe  blends  got 
from  different  sequences. 
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STB:  Stress  at  break;  E.  to  Failure:  Energy  to  failure;  STY:  Stress  at  yield. 
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Tabic  (7-4).  The  different  compatiMieaUon  effects  of  crosslinkcd  and  degraded  PP-g-epoxy. 


Blend  1:  PP/PP-g-cpoxy/XNBR/PVC  (65/15/5/20) 

Blend  2:  PP/Crosslinkcd  PP-g-epoxy/XNBR/PVC  (65/15/5/20). 
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STB:  Stress  at  break:  E.  to  Failure:  Energy  to  failure;  STY:  Stress  at  yield. 


CHAPTER  8 

THE  REACTIVE  COMPATIBILIZATION  OF  PP/ABS  BLENDS 


8. 1 Introduction 

In  the  study  of  last  two  chapters.  GMA  grafted  polyolefins  have  been  successfully 
used  in  the  reactive  compatibilizations  of  two  polyolefins  based  polymer  blends.  They  could 
compatibilizc  PET/HDPE  blends  based  on  the  intcrfacial  reaction  between  grafted  epoxy 
groups  on  the  HOPE  backbone  and  the  carboxylic  acid  or  hydroxyl  end  groups  of  PET.  For 
other  polymers  with  no  reactive  end  groups,  like  PVC.  the  compatibilization  can  be  carried 
out  by  adding  a second  reactive  compatibilizer  which  is  miscible  with  PVC  but  has  reactive 
groups  to  accomplish  the  intcrfacial  reaction  with  the  polyolefin  phase.  Chapter  7 flhtslrates 
the  successful  compatibilization  of  polyoleftn/PVC  blends  by  adding  two  reactive  functional 
polymers  simultaneously  which  are  miscible  with  their  intended  phases.  In  the  studies  of  this 
dissertation,  this  compatibilization  model  is  named  as  dual-functional-polymcr  model 

In  this  chapter,  dual-functional-polymcr  model  is  applied  in  the  compatibilization  of 
another  major  recycled  polymer  blends,  acrylonitrilc-buladienc-styrenc  (ABS)/poIypropylcnc 
(PP)  blends,  based  on  the  reactivity  of  grafted  epoxy  groups  on  the  grafted  polypropylene 
(PP-g-cpoxy)  with  another  functional  polymer  which  is  miscible  with  ABS.  ABS  and  PP  are 
two  major  plastic  components  in  the  automotive  industry.  During  recycling,  they  usually 
contaminate  each  other  making  it  economically  infeasible  to  separate  them.  Like  any  other 
recycled  polymers,  compatibilization  is  the  only  way  to  upgrade  their  physical  properties  and 
201 
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Ond  their  high-value  applicalions.  Similar  10  polyolefudPVC  blends,  ABS  in  this  blending 
system,  has  no  reactive  groups  which  can  let  the  epoxy  groups  of  PP-g-epoxy  react  with  in 
order  to  form  intcrfacial  bonds.  Therefore,  it  is  necessary  to  find  another  functional  polymer 
which  is  not  only  miscible  with  ABS,  but  also  reactive  with  PP-g-epoxy. 

amorphous  polymers  including  PET  [121],  PBT  (122, 123],  nylon  (124, 125],  and  PC  (126] 
for  improved  low  temperature  impact  properties.  The  most  common  compatibilization 
strategy  employs  functional  copolymers  which  are  miscible  with  the  styrene-co-acrylonitrilc 
(SAN)  matrix  ABS  and  have  reactive  groups  to  form  intcrfacial  bonds  with  other 
components.  Chung  and  Carter  (121]  patented  a polymer  which  claims  to  have  excellent  low 
temperature  impact  properties  based  on  polycarbonate  (PC),  polyethylene  terephthalatc) 
(PET),  high  butadiene  content  ABS  rubber,  and  styrcne-acrylonitrilc-glycidyl  methacrylate 
(SAG)  copolymer.  The  SAG  was  synthesized  by  suspension  copolymerization  of  styrene, 
acrylonitrile,  and  GMA  monomers.  It  is  believed  that  the  presence  of  SAG  (unctions  as  a 
precursor  of  in  situ  compatibilizer  between  PET.  or  PC  and  ABS  rubber.  Suzuki  and 
Yamamoto  [122]  briefly  reported  SAG  as  reactive  compatibilizer  precursor  in  the  polymer 
blends  of  polyfliutyl  terephthalatc)  (PBT)  and  ABS.  Later,  Lee,  etc.  (123]  reported  a extreme 
upgrading  of  PBT  impact  properties  by  adding  SAG.  SAG  was  also  used  to  compatibilize 
nylon/ABS  blend  based  on  the  reactivity  of  epoxy  with  the  amine  end  groups  of  nylon  [124, 
125].  Again,  the  high  reactivities  of  epoxy  groups  with  both  acids  and  bases  show  the 
advantages  of  involving  GMA  monomer  in  the  compatibilization  of  polyblends. 

Besides  SAG,  another  approach  takes  advantage  of  the  fact  that  styrene-co-maleic 
anhydride  (SMA)  copolymers  arc  miscible  with  the  SAN  matrix  of  ABS  within  a certain 
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composition  range  [126-129],  Paul  [126]  successfully  compatibilized  nylon  6/ABS  blends  by 
using  SMA  with  similar  MA  content  to  the  AN  content  of  SAN  matrix  or  ABS.  Here,  the  MA 
is  not  only  the  functional  group  for  interfacial  reaction,  but  also  the  cause  of  polarity  of  SMA 
for  miscibility  with  SAN.  It  should  be  mentioned  that  SMA  can  only  react  with  basic  groups 
like  amine  groups  or  electrophilic  groups  like  epoxy  and  oxazoline  groups,  and  therefore 
could  not  be  used  as  a compatibilizcr  for  the  PET  or  PBT/ABS  blends.  Taking  the  reactivity 
of  SMA  into  account,  it  docs  not  have  the  high  versatility  of  SAG.  However,  SAG  as  a kind 
of  functional  copolymer,  still  has  not  been  commercialized,  while  SMA  has  the  advantage  of 
low  cost  and  commercial  availability. 

In  this  study,  the  PP/ABS  blends  are  compatibilized  by  using  the  two  functional 
polymeis.  SMA  and  PP-g-epoxy,  to  form  in  situ  compatibilizcr  during  melt  blending.  The 
selection  of  these  two  functional  polymeis  is  based  on  the  considerations  of  their  low  cost  and 
high  reactivities  with  each  other.  As  illustrated  in  previous  chapters,  PP-g-cpoxy  could  be 
synthesized  by  melt  grafting  in  twin-screw  extruder  efficiently,  while  for  SMA,  as  a well 
known  functional  polymer,  it  has  been  manufactured  widely  in  polymer  industry  for  years.  On 
the  other  hand,  epoxy  functionalized  polyolefin  has  extremely  high  reactivity  with  carboxylic 
acid  group  based  on  the  reactivity  study  in  Chapter  3.  It  can  be  inferred  that  the  reactivity 
between  epoxy  and  anhydride  should  be  higher.  The  interfacial  reaction  between  epoxy 
groups  and  anhydride  groups  is  shown  in  Figure  (8-1). 

Similar  to  the  oilier  blending  systems  studied,  this  blending  system  is  studied  by 
comparing  its  mechanical  and  morphological  properties  with  uncompatibilized  blends.  The 
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8.2  Experiment 

8.2.1  Materials 

Table  (8-1)  summarizes  pcrtincni  information  about  the  materials  used  in  this  work. 
PP-g-epoxy  was  synthesized  by  melt  grafting  according  to  Chapter  4.  An  ABS  typical  of  the 
plastics  used  in  engineering  applications  (ABS  541)  was  used.  This  material  is  a mass-made 
product  which  has  a rubber  content  around  16%  by  weight  in  the  form  of  below  0.5  pm 
particles.  Its  styrenc-co-acrylonitrile  (SAN)  phase  contains  about  25%  acrylonitrile  content. 


Table  (8- 1 ) The  polymersusedinthisstudy 


abcnder  Plasli-C 


Cordcr  PI  2000  Iwin  screw  extruder 
(diameter  =2.5  cm , L/D = 30)  at  205'C.  Since  the  processing  temperature  in  this  case  is  much 
higher  than  the  normal  processing  temperature  of  PP.  a novel  thermal  stabilizer  based  a 
mixture  of  three  stabilizers,  Doverphos  S-9228/Irganox  B215/P-2  (50/25/25),  was  added 
during  the  extrusion.  The  stabilizing  ability  of  this  stabilizer  is  illustrated  in  Appendix  C.  A 
single  strand  was  extruded,  cooled  in  a water  bath,  and  pelletized.  The  pellets  were 
compression  molded  into  standard  test  specimens  with  the  temperature  at  205°C  and  the 
pressure  at  30,000  lb.  Standard  bod  impact  (ASTM  - D256),  tensile  (ASTM-D638),  and  lap 
shear  adhesion  (ASTM  D3165)  tests  were  carried  out  at  ambient  conditions.  FT1R 
measurement  and  SEM  characterizations  were  carried  out  following  the  same  methods 
illustrated  in  Chapter  6 and  7. 

For  lap  shear  adhesion  measurements,  void-free  plaques  (20  cm  x 20  cm  x 0.318  cm) 
of  PP  ( PP/PP-g-epoxy  (80/20))  were  prepared  by  compression  molding  using  a frame  mold. 
PP  and  PP-g-epoxy  were  premixed  at  180°C.  ABS  sheets  (ABS/SMA  with  changing  ratio) 
were  prepared  by  similar  molding  at  200°C  using  a 0.5  mm  thick  frame  mold.  Similarly,  ABS 
and  SMA  were  prcmixcd  in  the  extruder  with  the  temperature  kept  at  215I’C,  A sandwich  of 
two  PP  outer  layers  with  the  sheet  in  between  were  laminated  in  a frame  mold  at  200°C  under 
a pressure  of  250  psi  for  10  min  followed  by  cooling  to  room  temperature  by  circulating  water 
in  the  platens  of  the  mold.  These  laminates  were  cut  and  notched  to  form  specimens 
conforming  to  ASTM  D3I65  with  dimensions  shown  in  Figure  (8-2).  Samples  with  any 
visible  defect  were  not  tested.  The  specimens  were  pulled  with  a MTS  at  2 inch/min  until 
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failure,  and  the  results  reported  as  failure  load  divided  by  crosscctional  area.  For  all 
mechanical  tests,  at  least  seven  specimens  were  examined  and  the  averages  are  reported. 


ft.3. 1 The  Miscibility  of  SMA  in  SAN  Matrix  of  ABS 

As  illustrated  before,  the  interfacial  reaction  of  this  system  is  based  on  the  epoxy 
group  reacting  with  the  anhydride  group  generating  an  ester  structure.  The  prerequisite  for 
the  interfacial  reaction,  however  is  that  SMA  be  miscible  in  the  SAN  matrix  of  ABS.  ABS  has 
a phase  separated  structure  with  the  polar  SAN  matrix  and  SB  rubber  domains.  The  high 
polarity  of  the  MA  unit  in  SMA  facilitates  the  specific  interaction  between  SMA  and  SAN 
matrix.  If  the  specific  interaction  between  these  two  components  is  large  enough,  they 
become  miscible  with  each  other.  It  has  been  widely  published  that  SMA  and  the  SAN  matrix 
of  ABS  are  miscible  within  a certain  copolymer  composition  range  [128- 132).  Hall  [130] 
found  that  the  two  copolymers  arc  miscible,  as  evidenced  by  a single  glass  transition 
temperature,  if  the  SAN  and  SMA  contain  approximately  equal  amounts  of  styrene  (in 
wt.%).  Recently,  Paul  [126]  reported  that  a weak  exothermic  interaction  exist  between  the 
MA  and  AN  units.  Several  authors  have  also  reported  that  cyclic  anhydrides  are  good 
solvents  for  the  polyacrylonitrile  [133.  134].  Many  authors  have  mapped  the  regions  of  MA 
and  AN  contents  for  which  SMA  and  SAN  copolymers  form  miscible  or  immiscible  blends. 
Figure  (8-3)  summarizes  all  the  available  data  of  miscibility  between  SMA  and  SAN 
copolymers  with  the  changing  of  component  ratio  based  on  the  collected  references.  The  area 
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in  SMA  should  be  between  20%  to  35%  for  the  two  phases  to  be  miscible  if  the  AN  content 
in  SAN  is  around  25%.  Since  the  SMA  used  in  this  study  contains  25%  MA  component,  it 
should  be  miscible  with  SAN  based  on  the  published  data. 

In  order  to  reconfirm  this  miscibility,  DSC  measurements  for  the  glass  transition 
temperature  (T,)  of  blends  of  SAN  (25%  AN)  and  SMA  (25%  MA)  as  a function  of  blending 
ratios  arc  carried  out  (Figure  (8-4)  and  (8-5)).  For  all  ratios,  only  one  T,  appears,  and  the 
dependence  of  the  T,  on  the  blend  ratio  can  be  approximated  by  the  Fox  Equation: 

1 M,  M2 

Yt  ~t7  7^ 

Mi:  Mass  (weight)  fraction  of  the  components. 

Based  on  that,  we  confirm  that  SAN  (25%  ANVSMA  (25%  MA)  blend  is  miscible 
with  no  phase  separation  and  consequently,  the  SMA  should  be  miscible  with  the  SAN  matrix 
ofABS. 


The  reactivity  of  epoxy  with  carboxylic  acid  has  been  studied  in  Chapter  3.  It  was 
found  that  the  carboxylic  group  is  inactively  similar  to  amine  group  but  reactively  higher  than 
hydroxyl  or  second  amine  group  in  the  melt.  It  can  be  inferred  safely  that  the  reactivity  of  a 
anhydride  with  an  epoxy  group  will  be  higher  than  a carboxylic  acid.  To  study  the  intensity 
of  this  reaction  in  the  current  system,  FTIR  spectroscopy  was  employed  to  detect  the 
decreasing  amount  of  reacting  groups  and  the  increasing  amount  of  generated  groups.  Figure 
(8-6)  shows  the  FTIR  spectra  of  unrcacted  and  reacted  SMA/PP-g-cpoxy  (50/50)  blends.  The 
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unreactcd  sample  was  prepared  by  dissolving  PP-g-epoxy  and  SMA  in  hoi  toluene  solvent 
then  dropping  the  solution  onto  a KBr  disk  and  vaporizing  the  toluene  solvent  in  a vacuum 
oven.  For  the  unrcactcd  sample,  the  two  strong  peaks  at  1777  cm*'  and  1868  cm'1  correspond 
to  the  antisymmetric  and  symmetric  (C=0),  stretching  of  the  anhydride  structure, 
respectively.  The  strong  absorption  of  the  blends  at  1730  cm'1  is  related  to  the  carbonyl  group 
of  ester  structure  from  the  grafted  GMA  monomer.  After  melt  blending,  it  is  clear  that  the 
carbonyl  absorption  increases  dramatically  while  the  peaks  corresponding  to  the  anhydride 
group  arc  suppressed.  This  means  the  reaction  consumes  anhydride  groups  and  generates 
ester  structures  conforming  to  the  proposed  interfacial  reaction  as  shown  in  Figure  (8-7). 


In  the  study  of  Chapter  6 and  Chapter  7,  both  FT1R  and  torque  measurements  were 
used  to  detect  the  presence  of  chemical  bonds  across  the  interface.  In  this  study,  lap  shear 

adhesion.  Using  the  standardized  procedure  described  above,  it  is  found  that  the  average 
shear  stress  for  interfacial  debonding  of  PP/ABS/PP  laminates  is  about  330  kPa,  which  is  in 


the  range  for  typical  immiscible  polymer  pairs.  Replacement  of  PP  with  PP-g-epoxy/ ABS/PP- 
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g-epoxy  blends  gives  a value  of 720  kPa,  evidently  reflecting  the  more  favorable  interaction 
with  ABS  caused  by  the  polar  epoxy  units  in  PP. 

Similar  measurements  were  made  using  mixtures  of  SMA  in  ABS  as  the  interlayer 
(PP/(PP-g-cpoxy))«SMA+ABSy(PP/(PP-g-epoxy)).  The  results  are  shown  in  Figure  (8-8) 
. Each  point  is  the  average  of  up  to  10  determinations-  For  this  system,  each  specimen  failed 
by  interfacial  debonding.  The  adhesion  is  increased  several  fold  by  the  reaction  of  PP-g- 
epoxy  with  SMA  The  response,  however,  is  not  proportional  to  the  amount  of  PP-g-epoxy, 
probably  because  at  some  point  there  is  an  over  abundance  of  reactive  MA  units  and  the 
extent  of  reaction  at  the  interfaces  is  limited  by  the  availability  of  the  reactive  groups  in  the 


In  Chapter  7,  it  was  found  that  the  intcrfacial  reaction  could  be  maximized  by 
employing  different  mixing  sequences.  As  a continuous  study,  in  this  chapter,  the  distribution 
of  the  in  situ  formed  copolymer  by  the  intcrfacial  reaction  is  investigated.  It  has  been  widely 
accepted  that  the  copolymer  formed  during  the  intcrfacial  reaction  should  exist  mainly  at  the 
interface  of  the  two  phases.  Recently,  however,  it  has  been  reported  that  the  reacted 
copolymers  are  not  exclusively  distributed  along  the  interface,  some  may  distribute  in  both 
phases  1 125).  To  study  the  distribution  of  the  generated  copolymer  in  the  SAN  phase  of  ABS 
and  PP  phases,  the  solvent  fractionation  method  (Soxhlet  extraction  with  methyl  ethyl  ketone 
(MEK)  (bp:  8ffC))  was  used  to  separated  the  unreacled  SMA  or  SMA-PP  copolymer  from 
the  PP/PP-g-cpoxy/SMA/SAN  (25/25/25/25)  blends.  The  mixing  conditions  of  the  blend  was 
the  same  as  other  blends  illustrated  in  the  Experiment  section.  The  blend  was  first  ground  to 
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powder  lo  facilitate  the  extraction,  then  extracted  over  night.  FTIR  spectra  of  the  MEK- 
cxtractcd  solution  (after  solvent  removal)  from  the  blend  essentially  have  no  characteristic 
peaks  of  PP  (Figure  (8-9  b)),  only  SAN  and  SMA  peaks  are  present.  This  means  that  the 
copolymer  PP-SMA,  if  formed,  docs  not  distribute  into  the  SAN  phase.  On  the  other  hand, 
the  extracted  residue  contains  SMA  characteristic  peaks  as  shown  in  Figure  (8-9  c),  which 
means  that  the  copolymer  will  tend  to  remain  in  the  PP  phase.  After  repealed  extractions, 
12.87  g of  residue  from  20.00  g of  the  PP/PP-g-epoxy/SMA/ABS  (25/25/25/25)  blend  was 
obtained.  Therefore,  a maximum  of  2.87  g of  SMA  has  been  converted  into  SMA-PP 
copolymer  by  the  reaction  between  the  grafted  epoxy  functionality  and  the  anhydride  groups 
in  a typical  extruder  mixing.  The  conversion  is  larger  than  10%.  This  means  there  is  a 
significant  fraction  of  SMA  reacting  with  PP-g-epoxy  and  quite  possibly,  a certain  amount 
of  SMA  distributed  into  PP  phase  instead  of  remaining  at  the  interface  of  the  two  phases,  in 
the  form  of  PP-g-SMA  or  SMA  phase  itself.  The  effect  of  the  distribution  of  copolymer  into 
the  PP  phase  on  the  bulk  properties  of  the  blends  is  still  not  clear,  the  possible  influence  on 
the  toughness  will  be  discussed  later. 

8.3.5  Morphological  Study 

Figure  (8-10  b)  shows  the  micrographs  of  the  blends  of  PP/PP-g-epoxy/SMA/ABS 
(75/5/5/25)  compared  with  the  control  blend  of  PP/ABS  (75/25)  (Figure  (8-10  a)).  Since  ABS 
is  the  minor  component  in  this  case,  the  dispersed  domain  should  be  ABS.  5%  of  PP-g-epoxy 
and  SMA  can  reduce  the  domain  size  dramatically,  while  the  presence  of  7.5%  SMA  and  5% 
of  PP-g-epoxy  results  in  a blurring  of  the  phases  and  even  more  decrease  of  the  domain  sizes 
(Figure  (8- 10  c)).  The  presence  of  additional  SMA  or  PP-g-epoxy  both  resulted  in  a finer 
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domain.  Figure  (8-10  b lo  c)  shows  ihc  decreasing  domain  size  with  the  increasing  amount 
of  SMA  ai  constant  PP-g-epoxy;  Figure  (8-10  d to  g)  shows  the  morphologies  with  a 
increasing  amount  of  PP-g-epony  and  a constant  amount  of  SMA,  the  same  phenomena  of 
decreasing  domain  size  is  observed.  The  presence  of  the  two  functional  polymers  cannot  only 
result  in  fine  domains  but  also  the  uniform  domain  size.  The  decreasing  rale  of  domain  size, 
however,  is  not  proportional  to  the  amount  the  compatibilizcrs  added.  Based  on  the  SEM 
pictures,  it  can  be  seen  that  domain  size  is  more  sensitive  to  the  initial  amount  of  added 
functional  polymers,  later  the  addition  of  more  functional  polymers  could  not  effectively 
reduce  the  domain  size.  This  phenomena  has  been  observed  and  discussed  in  the 
compatibilization  study  of  HDPE/PET  (Chapter  6).  This  might  be  due  to  the  same  reason  as 
die  leveling  down  of  lap  shear  adhesion  value  illustrated  above.  The  extent  of  the  interfacial 
reaction  is  limited  by  the  availability  of  both  reactive  group.  Over  abundance  of  one  reactive 
group  could  totally  consume  the  other  group  and  leave  the  reaction  saturated.  As  a result, 
maximizing  the  intcrfacia!  reaction  by  keeping  proper  ratio  of  the  two  reactive  functional 
polymers  is  very  crucial  for  the  dual-functional-polyracr  model 

Mechanical  properties  of  compatibilized  and  uncompatibilized  blends  are  shown  in 
Table  (8-2).  It  is  clear  that  for  compatibilized  blends,  the  impact  and  tensile  properties  arc 
significantly  improved  compared  with  the  control  samples.  Nevertheless,  the  overall 
properties  of  compatibilized  blends  increased  with  the  increasing  amount  of  functional 
polymers  added.  Figure  (8-11)  to  (8-12)  show  the  improvement  of  elongation  and  tensile 
strength  properties  of  PP/ABS  (75/25)  with  increasing  amounts  of  SMA  at  constant  PP-g- 
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epoxy  content  (20%  in  PP  phase).  Obviously,  the  corapatibilizaiion  can  upgrade  the 
toughness  of  the  blends  at  all  blending  ratios.  Increasing  the  amount  of  PP-g-epoxy  at 
constant  SMA  has  a similar  effect  on  the  bulk  properties  of  the  blends  (Table  (8-2)).  The 
effect  of  PP-g-epoxy  on  the  toughness  (elongation  and  impact  properties)  and  domain  size 
are  compared  in  this  case  (shown  in  Figure  (8- 13)).  Notice  that  the  maximum  toughness  is 
achieved  when  the  content  of  PP-g-epoxy  is  10%,  after  which,  the  addition  of  more  PP-g- 
epoxy  caused  a detrimental  effect  on  the  toughness  properties.  Surprisingly,  the  domain  size 
of  ABS  keeps  decreasing  after  the  maximal  strain  value  has  been  reached.  As  we  know,  the 
finer  domain  size  usually  represents  higher  interfacial  adhesion  and  better  dispersity, 
corresponding  to  higher  toughness.  In  this  case,  however,  it  seems  that  more  improvements 
of  adhesion  and  dispersity  in  the  immiscible  polyblcnd  do  not  guarantee  an  improvement  of 

The  reasonable  interpretation  of  this  might  lie  in  two  factors.  First,  as  discussed  in  the 
HDPE/PET  study,  a high  content  of  PP-g-epoxy  reacted  with  SMA,  which  has  high  content 
of  MA  units  could  result  in  certain  crosslinking,  and  it  could  have  a negative  effect  on  the 
toughness  of  the  blends.  Second,  we  have  to  look  at  the  effect  of  the  compatibilizcr 
copolymer  distribution  and  its  subsequent  influence  on  matrix  properties.  As  shown  in  Table 
(8-2),  SMA  is  a very  brittle  polymer  with  an  elongation  at  break  of  only  3.21%.  Blending 
ABS  or  PP  with  equal  amount  of  SMA  will  result  in  a detrimental  toughness  loss  in  the  case 
of  PP,  but  not  so  significant  in  the  case  of  ABS.  If  SMA  was  a nonreactive  copolymer,  it 
most  likely  would  stay  in  the  SAN  phase  of  ABS  (due  to  their  polarity  and  specific 
interaction),  with  little  or  no  change  in  intcrfacial  adhesion.  However,  since  the  presence  of 
intcrfacial  reaction,  the  copolymers  will  be  formed  and  SMA  could  distribute  to  the  PP  phase 
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in  the  form  of  SMA-PP  copolymer.  The  more  copolymer  is  formed,  the  higher  concentration 
of  brittle  SMA  in  the  PP  phase.  Figure  (8-14)  shows  the  proposed  model  for  compatibilizer 
distribution  in  the  ABS  and  PP  phase.  The  toughness  improvements  due  to  adhesion  increase 
and  better  dispersity  appear  to  be  compensating  for  the  toughness  loss  due  to  the  higher 
concentration  of  brittle  SMA  in  PP  phase.  Compared  with  the  case  of  low  PP-g-epoxy 
content,  obviously,  more  copolymer  is  formed  in  the  case  of  high  PP-g-epoxy  content  and. 
consequently  exhibits  a higher  concentration  of  SMA  in  the  PP  phase.  Therefore,  the  addition 
of  a brittle  compatibilizer  to  blends  with  ductile  components  does  not  assure  a dramatic 
improvement  in  toughness.  This  point  of  view  has  been  virtually  neglected  in  the  literature, 
probably  because  not  many  examples  have  been  discovered.  In  the  study  of  Chapter  6 and  7, 
none  of  the  functional  polymers  added  arc  so  brittle  as  SMA,  as  a result,  these  phenomena 
were  not  observed  then,  even  though  the  in  situ  formed  compatibilizers  are  still  distributed 
in  both  phases. 

In  conclusion,  the  added  functional  polymers  affect  not  only  the  morphology  and 
adhesion  but  also  the  inherent  toughness  of  the  other  two  components.  If  the  functional 
polymers  (having  high  toughness)  improves,  or  at  least  docs  little  damage  to  the  two 
components  individually,  the  improvement  of  intcrfacial  adhesion  and  better  phase  dispersity 
certainly  results  in  a toughness  increase,  and  this  is  what  most  literature  and  our  previous 
study  have  reported.  When  the  added  functional  polymer  has  a detrimental  effect  on  cither 
or  both  blend  components,  the  resultant  toughness  is  determined  by  the  competition  between 
these  two  factors. 


8.4  Conclusions 

In  this  study,  two  major  components  of  polymer  waste  from  the  automotive  industry, 
ABS  and  PP,  are  reactively  compaiiMized  by  employing  PP-g-epoxy  and  SMA  as  functional 
polymers  to  foim  an  in  situ  compalibilizcr  during  melt  blending.  The  major  conclusions  from 
the  study  of  this  chapter  arc  summarized  as  follows: 

1.  It  is  confirmed  that  the  interfacial  reaction  between  PP-g-epoxy  and  SMA  in  SAN 
phase  of  ABS  exists  according  to  FTIR  and  lap  shear  adhesion  measurements.  The  overall 
morphological  and  mechanical  properties  of  compatibilized  ABS/PP  with  various  ratios  are 
significantly  improved  compared  to  the  control  samples. 

2.  The  solvent  extract  study  (Soxhlet  extraction)  reveals  that  PP-SMA  is  formed  but 
may  not  reside  exclusively  along  the  interface,  a certain  fraction  of  PP-SMA  may  distribute 
into  the  PP  phase.  The  reasons  for  the  different  solubility  of  PP-SMA  in  the  different  phases 
are  still  not  clear,  it  could  depend  on  several  factors  such  as  chemical  structure,  processing 
method,  molecular  weight,  type  of  copolymer,  and  many  more. 

3.  The  compatibilizcr  distributed  in  the  blend  components  will  certainly  alter  the 
inherent  toughness  of  these  components.  The  presence  of  large  amounts  of  PP-SMA  in  the 
PP  phase  may  cause  a detrimental  effect  on  the  final  mechanical  properties  of  the  blends 
although  the  inlcriacial  adhesion  and  dispersity  of  components  improves.  This  study  confirms 

improvement  in  its  toughness. 
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Figure  (8-1).  The  in 
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Figure  (8-2).  The  ge 


i description  of  lap 
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Figure  (8-3).  Miscibility  map  for  SMA-SAN  blends.  Open  points  indicate  completely 
miscible  blends,  grey  points  correspond  to  partial  miscibility,  and  solid  points  denote 
immiscibility.  Circles  identify  results  from  Paul  el  al  [1 26] , whereas  squares  represent  data 
from  Hall  era/  [127).  Ellipses  indentify  the  result  from  Rammer  eta/  [128]. 
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Figure  (8-4).  The  DSC  measurements  of  glass  i 
SAN  (25%  AN)  and  SMA  (25%  MA). 


cmpcralures  (T,)  of  fhe  blends  of 


219 


— calculated  by  Fox  Equation 


Figure  (8-5).  The  dependence  of  the  glass  transition  temperature  (T,)  on  the  blend  ratio 
for  SAN/SMA  blends. 
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Figure  (8-6).  FDR  spectra  of  (a).  Unreacicd,  and  (b).  Reacted  SMA/PP-g-c 


' (50/50) 
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Figure  (8-8).  Up  shear  adhesion  strength  I 
laminates  bonded  at  200°C  for  10  min. 


i PP/PP-g-epoxy  (80/20)  and  ABS/SMA 
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Figure  (8-10).  Morphologies  of  uneomp;iubili«'d  anil  compalihilizeil  PP/ABS  blends, 
la).  UnconipalihilizeU  PP/ABS:  75/25  1X21)011) 

(hi.  PP/PP-g-cpoxy/SMA/ABS:  75/5/5/25  1X2000). 
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Figure  (8-  it)  omiiuucd). 


(c).  PI’/PP-g-cpoxy/SMA/ABS:  75/5/7.5/25  IX2<KX»). 
Idi.  PP/PP-g-cpuxy/SMA/ABS:  75/7.5/7.5/25  (X2000). 


Figure  (8- 1 li  coin  inued ). 


. PP/PP-g-epoxy/SMA/ABS:  75/111/7.5/25  (X2000). 
PP/PP-g-epuxy/SMA/ABS:  75/15/7.5/25  (X2000). 
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Figure  (8-10  ntmnual).  (g).  PP/PP-g-cposy/SMAMBS:  75/20/7 


7.5/25  (X2000). 
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Figure  (8-11).  The  efTo 


;>f  the  blends. 
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Figure  (8-12),  Effect  ofcu 


of  the  blends. 
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Table  (8-2).  Some  Daia  of  the  Mechanical  Properties  of  the  Component  and  Blends 


CHAPTER  9 

SUMMARY  AND  SUGGESTED  FUTURE  WORK 


The  studies  presented  in  this  dissertation  arc  part  of  the  ongoing  research  in  this 
laboratory.  Polymers  Processing  and  Properties  Center  at  the  University  of  Florida.  One  of 
the  major  goals  of  our  current  research  is  to  develop  high  efficiency  functional  polymers  for 
the  reactive  compalibilization  of  various  recycled  polymers.  The  functional  polymers  should 
meet  the  requirements  of  low  cost,  high  efficiency  and  vcrsatDity.  Epoxy  grafted  polyolefins 
synthesized  by  melt  grafting  are  a promising  family  of  functional  polymers  which  could  be 
used  in  the  compalibilization  of  various  polymer  blends.  The  major  conclusions  from  this 
study  are  summarized  as  follows: 

1.  Polyolefins,  including  polyethylene  and  polypropylene,  can  be  grafted  by  several 
monomers,  including  maleic  anhydride  (MA)  (containing  anhydride  groups),  glycidyl 
methacrylatc(GMA)  (containing  epoxy  groups),  and  2-isopropenyl-2-oxazoIine  (LPOZ) 
(containing  oxazohne  groups),  via.  melt  grafting,  solid-state  grafting,  and  solution  grafting. 

is  concluded  that  GMA  grafted  polyolefins  can  be  synthesized  successfully  by  melt  grafting. 

2.  Among  the  three  functional  monomers  grafted  polyolefins,  GMA  and  oxazolinc 
grafted  polyolefins  haw  high  reactivities  with  both  acidic  end  groups  of  polyesters  (hydroxyl 
and  carboxylic  acid),  and  basic  groups  of  nylon  (amine).  In  order  to  make  comparisons  of 
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their  reactivities  in  the  melt,  small  molecule  model  was  employed  to  carried  out  the  reactivity 
study.  It  is  found  that  an  epoxy  grafted  polyolefin  has  higher  or  equivalent  reactivities  with 
acidic  or  basic  groups  compared  with  oxazoline  grafted  polyolefin.  Since  oxazoline  grafted 
polyolefin  can  only  be  synthesized  by  solution  grafting,  GMA  grafted  polyolefin  has  the 
advantages  of  high  reactivity,  versatility,  and  low  synthesizing  over  oxazoline  grafted 
polyolefins,  which  makes  GMA  grafted  polyolefins  the  best  choice  for  the  future  reactive 

3.  The  grafting  of  LLDPE,  HDPE,  PP  with  GMA  monomer  is  accomplished  via 
reactive  twin-screw  extrusion.  By  employing  proper  initiator,  extrusion  parameters,  and 
procedures,  all  of  these  three  polyolefins  could  be  grafted  by  GMA  monomer  with  high  graft 

4.  Thermal  degradation  of  polypropylene  accelerated  by  peroxide  is  one  of  the  major 
problems  for  the  melt  grafting  of  PP.  In  this  study,  a multifunctional  monomer  (TMPTA)  is 
used  to  form  certain  amounts  of  chain  recoupling  and  crosslinking  in  order  to  compensate  for 
the  chain  scission  of  PP  during  melt  grafting.  The  chain  recoupling  restores  the  mechanical 
and  rheological  properties  of  the  grafted  PP  close  to  pure  PP. 

5.  GMA  grafted  HDPE  (HDPE-g-epoxy)  could  be  used  as  a precursor  of 
compatibilizer  in  the  comaptibilization  of  HDPE/PET  blends.  The  compatibilizing  effects  of 
HDPE-g-epoxy  arc  manifested  by  a dramatic  improvement  of  processability,  mechanical  and 
morphological  properties  of  the  blends.  The  proposed  intcrfacial  reaction  could  be  observed 
by  torque  and  MFI  measurements. 

6.  GMA  grafted  polyolefins  (including  HDPE  and  PP)  can  be  used  as  precursors  of 
compatibilizers  for  polyolefin/PVC  blends.  By  using  carboxylated  nitrile  rubber  (XNBR)  as 
another  precursor,  the  compatibilizer  HDPE-g-XNBR  or  PP-g-XNBR  was  formed  in  star 
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during  compounding.  The  proposed  compatibilization  mechanism  is  further  confirmed  by  the 
studies  of  mechanical,  morphological,  and  rheological  properties.  The  success  of  this 
compatibilization  indicated  that  not  only  those  blending  components  possessing  reactive 
groups  could  be  in  situ  compalibilizcd;  polymers  with  no  reactive  groups  can  also  be 
compatibilized  by  using  two  functional  polymers  as  compatibilizer  precursors.  This 
compatibilization  model  is  named  as  dual-funclional-polymer  model  in  the  studies  of  this 
dissertation. 

7.  Dual-funclional-polymer  model  is  applied  successfully  in  the  compatibilization  of 
another  blend.  PP/ABS.  Two  functional  polymers,  polyfstyrene-co-maleic  anhydride)  (SMA) 
and  PP-g-epoxy,  are  used  to  form  in  situ  compatibilizer  PP-g-SMA.  It  was  found  that  adding 
functional  polymers  affect  not  only  the  morphology  and  adhesion  but  also  the  inherent 


The  future  work  for  this  project  could  be  oriented  into  several  directions. 

1.  Upgrade  the  graft  ratio  and  graft  efficiency  of  the  melt  grafting  by  optimizing  the 
screw  configuration  of  the  reactive  twin-screw  extruder.  The  screw  configuration  could  be 
modified  to  bring  in  proper  residence  time,  finer  dispersion  of  monomers  in  the  polymer  melt, 
and  higher  shear  forces,  by  which  the  graft  ratio  and  efficiency  could  be  significantly 

2.  Study  the  feasibility  of  completing  melt  grafting  and  subsequent  compatibilization 
in  one  twin-screw  extruder.  Currently,  polyolefins  are  grafted  as  a separate  extrusion  step, 
and  the  grafted  polyolefins  are  then  blended  with  other  polymers  in  a second  extrusion  step. 
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Ifboth  the  grafting  and  blending  steps  are  executed  in  the  same  extrusion  step,  it  will  be  more 
economical  for  industry  consideration.  For  example,  grafting  polyolefins  can  be  carried  out 
in  the  first  part  of  the  extruder  followed  by  subsequent  intcrfacial  reaction  between  other 
polymers  and  the  grafted  polyolefins. 

3.  Modify  various  METALLECENE™  polyolefins  with  GMA  monomer.  Among  all 
kinds  of  polyolefins,  METALLECENE™  polyolefins,  a kind  of  thermal  plastic  elastomer, 
have  absorbed  more  and  more  attention.  Besides  the  normal  applications  or  elastomers,  they 
could  be  used  as  impact  modifiers  for  various  polyesters  according  to  our  initial  study  [78J. 
The  advantage  of  this  kind  of  thermal  plastic  elastomer  (TPE)  over  traditional  elastomers  is 
its  completely  saturated  structure  with  high  UV  stability.  Fortunately,  they  could  also  be 
efficiently  grafted  by  GMA  monomer  by  melt  grafting  according  to  our  initial  work  |66). 
These  grafted  METALLECENE™  polyolefins  are  ready  to  form  interfacial  interactions  with 
the  end  group  of  polyesters  and  make  the  two  phases  compatibilized. 

4.  Apply  the  GMA  grafted  polyolefins  in  other  polymer  blends,  including 
PS/polyolefins,  PMMA/polyolcfins.  nylon/polyolcfins,  and  polyolefins/wood  fiber  or  glass 


APPENDIX  A 

THE  SYNTHESIS  OF  2-ISO-PROPENYL-2-OXAZOLINE 


Two  synthesis  roulcs  for  2-i50-propcnyl-2-oxazoline  (IPOZ)  have  been  reported  in 
reference.  Kagiya  er  aL  synthesized  IPOZ  by  the  isomerization  reaction  of  N-mthacryloy! 
ethylenimine,  prepared  from  ethylenimine  and  methacryloyl  chloride  with  the  use  of  sodium 
iodide  catalyst  (1351  and  purified  by  several  distillations  under  reduced  pressure  (bp  50.5- 
51.5"C/17  Torr).  Another  synthesis  route  was  reported  by  Liu  and  Baker  in  their  recent 
publication  [136]  based  on  2-clhyl-2-oxazoIine  as  initial  compound.  In  this  study,  the  second 
synthesis  route  is  employed. 


Analytical  grade  of  2-cthyl-2-oxazoline  and  paraformaldehyde  were  bought  from 
Aldrich  Chemical  Corporation. 
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--N  12CPC 

r y-CH2CHj  + HCHO  ► I ^-CmCHjOfOCHj 


Qy-CH(CH2OH)CH,  ■ 


C(CH3)=CH2  + HjO 


500  g of  analytical  grade  2-ethyl-2-oxaxoline  is  mined  with  160  g of  analytical  grade 
paraformaldehyde  with  molar  ratio  of  1/1.05  in  a 1 L flask  equipped  with  a condenser  and  a 
thermometer.  In  the  first  step  of  synthesis,  the  mixture  is  heated  up  to  ttO’C  with  a silicon 
ofl  bath.  The  reaction  is  exothermic  and  finished  with  the  temperature  rising  to  around  170”C. 
The  reaction  mixture  should  be  cooled  down  to  maintain  a temperature  of  120°C  for  5 h with 

In  the  second  step,  the  flask  is  converted  to  a distillation  device  and  the  temperature 
of  the  reaction  mixture  raised  to  190"C  at  which  point  dehydration  occurs  to  give  2-iso- 

Thc  final  mixture  of  products  are  distfllatcd  and  the  distillates  between  1 1()°C  and 
145°C  are  collected  and  dried  twice  with  solid  sodium  and  filtered.  The  overall  yield  is  around 


45%. 


APPENDIX  B 

THE  FT1R  CALIBRATION  CURVES  FOR  THE  DETECTION  OF  GRAFT  RATIO 
B.l  Methods 

The  graft  ratio  of  maleic  anhydride  (MA),  and  2-iso-propcnyl-2-oxazoline  (IPOZ) 
grafted  HDPE  can  be  calculated  by  measuring  the  absorbance  of  the  characteristic  peaks  of 
MA  (1706  cm-')  or  IPOZ  (1637  ctrf  ) in  FTIR  spectra.  A calibration  curve  is  needed  to 
correlate  the  peak  height  with  the  absolute  graft  ratio. 

Since  the  absorbances  of  these  two  peaks  arc  also  influenced  by  the  thickness  of 
specimen  and  instrumental  factors,  the  characteristic  peak  of  methyl  group  of  polyethylene 
(1376  cm  ')  is  used  as  internal  reference  peak.  The  ratios  of  peak  height  of  MA  or  IPOZ 
characteristic  peaks  to  the  peak  height  of  internal  reference  (methyl  group  of  PE)  are  used  to 
correlate  with  the  absolute  graft  ratios. 

The  absolute  graft  is  obtained  by  employing  a H)02-Hcraeus  CHN-O-Rapid  Elemental 
Analyzer.  Since  polyethylene  has  no  oxygen  elemental  composition,  the  detected  oxygen 
amount  in  the  purified  grafted  polyethylene  should  come  from  the  grafted  MA  or  IPOZ 
monomer.  Based  on  the  amount  of  oxygen,  the  absolute  graft  ratio  can  be  calculated. 


Tabic  (B-l)  and  (B-2)  list  the  correlation  between  peak  ratios  and  graft  ratios  for 
purified  MAand  IPOZ  grafted  HDPE.  Figure  (B-l)  and  (B-2)  are  the  two  calibration 
curves  for  the  calculation  of  graft  ratios  based  on  the  ratios  of  peak  heights. 


Table  (B-l).  The  correlation  between  the  ratios  of  peak  heights  and  graft  ratios  of  MA 
grafted  HDPE 


Figure  (B- ! ).  The  calibration  curve  for  Ihe  calculation  of  graft  ratio  of  MA  grafted  HDPE. 
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Figure  (B-2).  The  calibration  curve  for  the  calculation  of  graft  ratio  of  IPOZ  grafted 
HOPE. 


APPENDIX  C 

THE  STABILIZERS  FOR  POLYPROPYLENE  PROCESSED  UNDER  HIGH 
TEMPERATURE 


The  thcmial  degradation  and  crosslinking  of  polyolefins  is  a potential  problem  in  their 
melt  processing,  especially  for  the  recycled  polyolefins  which  have  been  processed  repeatedly. 
Worse  than  crosslinking,  thermal  degradation  cause  chain  scission  which  greatly  reduce  the 
mechanical  properties  of  polyolefins.  For  PE,  both  chain  scission  and  crosslinking  occur 
during  the  thermal  processing,  while  PP  mainly  suffers  from  chain  scission.  In  the  study  of  the 
compatibifation  of  PP/ABS  blends  of  this  dissertation,  the  processing  temperature  is  above 
205"C,  which  is  higher  than  the  normal  PP  processing  temperature.  It  is  believed  that  the 
thermal  dcgradalion  caused  by  high  processing  temperature  should  exist.  Besides  this,  residual 
peroxide  rcamined  in  the  PP-g-epoxy  could  accelerate  the  degradation  for  during  the 
processing,  which  could  be  fatal  to  the  bulk  properties  of  the  blends.  In  this  appendix,  various 
commercially  available  thermal  stabilisers  arc  compared  and  modified  in  order  to  prohibit  the 
thermal  degradation  of  PP  during  grafting.  The  major  detecting  tool  for  the  rate  of  thermal 
degradation  is  melt  flow  index  (MF1)  measurement. 
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There  are  various  commercially  available  thermal  stabilizers,  most  of  which  are  one 
of  the  two  kinds  of  antioxidant:  primary  antioxidants  (for  example,  phenolic-type  and  amine- 
type);  secondary  antioxidants  (for  example,  sulfate  and  phosphite).  The  radical  scavenging 
mechanism  of  these  two  kinds  of  antioxidants  are  shown  below: 


In  this  study,  four  kinds  of  different  stabilizers  or  mixture  of  stabilizers  (as  shown  in 
the  Table  (C-l))  are  compared.  The  choosing  of  the  following  stabilizers  is  based  on  their 
high  vaporing  points.  The  mixing  of  the  stabilizers  is  for  the  synergistic  effect. 

C.  3 Experiment 

PP  (MF1: 2,6  g/10  min  Tenite)  was  extruded  with  or  without  stabilizer  under  230°C 
and  100  rpm  in  Brabcnder  Plasti-Cordcr  PI  2000.  The  amount  of  stabilizer  added  was  kept 
at  0.1%.  0.01%  of  peroxide  was  added  to  imitate  the  residual  peroxide  remained  in  the  PP-g- 
epoxy  when  it  is  used  as  functional  polymer  for  the  compatibilization. 
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Figure  (C-l)  shows  ihe  effects  of  all  the  stabilizers  below  on  the  MFI  values  along 
with  the  times  of  extrusion.  Without  any  antioxidant,  the  thermal  degradation  of  PP  is  very 
obvious.  P-2  shows  poor  antioxidation  ability  partially  because  of  its  relatively  low  vaporing 
point.  Dovcrphos  S-9228  has  a quite  similar  molecular  structure  as  P-2,  but  the  phenyl 
structure  stabilizes  the  whole  molecule  and  makes  it  stable  at  higher  temperatures. 


Table  (C-l).  The  list  of  stabilizers  compared 


Compared  with  all  of  these  stabilizers  in  Figure  (C-l),  the  binary  and  ternary 
stabilizers  (Irganox  B215  and  the  ternary  mixture  of  Dovcrphos.  Irganox,  and  P-2)  show 
excellent  thermal  stabilizing  effect  that  could  be  due  to  the  synergistic  effect  of  different 
stabilizing  mechanisms.  In  conclusion,  ternary  stabilizer  will  be  selected  for  PP  stabilization 
under  high  processing  temperatures. 
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